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ABSTRACT 


j 


A 

Heat  transfer  studies  were  performed  for  small  and  medium  caliber 
caseless  ammunition  (1)  to  evaluate  the  thermal  performance  of  existing  fix- 
tures and  ammunition,  (2)  devise  and  evaluate  mathematical  techniques  by  which 
the  thermal  behavior  of  future  weapons  may  be  predicted  and  problem  areas 
identified  prior  to  weapon  design  and  (3)  obtain  information  which  can  lead 
to  improvement  in  future  weapons  and  ammunition. 

The  study  continues  previous  work  on  5.56mm  and  27mm  caseless  ammuni- 
tion. Some  measurements  of  the  heating  of  an  M16  rifle  firing  cased  5.56mm 
ammunition  are  initially  reported  as  a basis  of  comparison  of  caseless  ammuni- 
tion. The  primary  emphasis  of  the  5.56mrn  testing  is  directed  towards  High 
Ignition  Temperature  Propellant  (HITP)  rounds.  Firing  tests  and  laboratory 
cook-off  tests  were  conducted  with  HITP  and  analysis  was  conducted  to  evaluate 
the  potential  of  caseless  ammunition  during  burst  firing  schedules. 

The  27mm  evaluations  consist  of  the  results  of  single-shot  and  rapid- 
fire  testing,  laboratory  cook-off  tests,  and  predictions  of  gun  heating  to  be 
expected  during  rapid-fire  bursts. 

A mathematical  model  was  developed  which  provides  an  adequate  tool  by 

. j 

which  the  thermal  effects  of  rapid  fire  may  be  predicted  based  upon  single-shot 
testing. v 
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I.  INTRODUCTION 


The  propellant  in  caseless  ammunition  is  formed  into  a solid  material 
having  structural  integrity  in  comparison  to  standard  ammunition  where  loose 
propellant  grains  are  contained  in  a metal  case.  As  presently  developed,  most 
caseless  ammunition  consists  of  the  same  propellants  used  in  cased  ammunition 
except  that  they  are  bonded  with  nitrocellulose  into  a hollow  cylinder.  A 
variation  of  this  type  of  ammunition  is  nitrocellulose  formed  into  a single 
grain  of  propellant.  Also  under  development  are  ammunitions  containing  High 
Ignition  Temperature  Propellants  (HITP)  which  have  varied  chemical  compositions 
designed  to  require  higher  ignition  temperatures  than  nitrocellulose. 

Substitution  of  caseless  ammunition  for  standard  cased  ammuniti'-T'  in 
rapid-fire  weapons  can  alter  weapon  design  techniques  in  that  problem  areas 
associated  with  over-heating  of  gun  parts  and  ammunition  can  be  significantly 
different  for  the  two  types  of  ammunition.  In  the  chamber  area  of  the  weapon, 
the  caseless  propellant  burns  in  close  contact  with  the  wall.  Hence,  heat 
transferred  to  the  wall  may  be  retarded  only  by  the  gas  boundary  layer.  By 
contrast,  cased  ammunition  provides  a barrier  to  heat  penetration  which,  at 
high  rates  of  fire,  can  totally  prevent  heat  transfer  to  the  chamber  walls  prior 
to  extraction  of  the  case.  Additionally,  the  cold  brass  case  offers  a cooling 
action,  in  that  heat  is  conducted  from  the  hot  chamber  walls  to  the  case  during 
its  residence  in  the  chamber.  Hence,  the  residual  chamber  temperatures  are 
expected  to  be  significantly  less  when  cased  ammunition  is  used.  (Residual 
temperature  is  defined  as  the  inside  surface  temperature  at  the  time  the 
succeeding  round  is  chambered.) 

Chamber  wall  temperatures  can  have  a direct  bearing  on  the  acceptability 
of  a weapon  because  thermally  initiated  ignition  (cook-off)  may  occur.  Most  rapid- 
fire  weapons,  both  caseless  and  cased,  are  designed  to  be  open-bolt  weapons; 
that  is,  to  stop  at  the  end  of  a burst  with  no  chambered  roui.d.  Even  if  a 
weapon  is  of  the  open-bolt  type,  a round  may  be  left  chambered  if  there  is  a 
malfunction;  and  cook-off  in  this  instance  must  be  avoided  if  at  all  possible 


because  of  the  extreme  hazard  that  is  involved.  Because  chamber  wall  tempera- 
tures can  be  higher  and  direct  contact  of  propellant  with  the  wall  is  possible 
using  caseless  ammunition,  cook-off  probability  may  be  greater  for  this  ammuni- 
tion. In  fact,  very  short  time  cook-off  (within  milliseconds)  is  made  possible 
in  situations  where  the  caseless  propellant  is  forced  into  direct  contact  with 
the  chamber  prior  to  reduction  of  chamber  wall  temperatures.  This  type  of 
cook-off  has,  heretofore,  been  prevented  by  the  brass  case. 


Short-time  cook-off  is  cook-off  due  to  contact  with  the  rapidly 
falling  temperature  at  the  time  of  chambering  (residual  temperature).  Long- 
time cook-off  is  the  cook-off  due  to  the  average  temperature  across  the  cham- 
ber cross-section.  This  average  temperature  is  the  temperature  to  which  the 
residual  temperature  equilibrates  given  enough  time.  Cook-off  is  a function 
of  both  temperature  and  time.  For  given  circumstances,  a cook-off  may  occur 
after  a short  time  due  to  contact  with  the  high  residual  temperature  or  after 
a long  time  due  to  contact  with  the  lower  average  temperature.  The  residual 
temperature  decreases  rapidly  due  to  heat  conduction  into  the  chamber  metal. 

The  average  temperature  decreases  slowly  because  heat  conduction  and  convection 
into  the  surrounding  environment  are  the  only  sources  of  heat  loss. 


Even  though  caseless  ammunition  may  have  heat  transfer  problems,  it 
does  offer  impressive  advantages  in  weight,  logistics,  and  strategic  materials. 
In  many  instances,  these  advantages  can  far  outweigh  problems  of  weapon  heating. 
To  obtain  the  fullest  advantage  from  caseless  ammunition,  techniques  by  which 
the  altered  heat  transfer  problems  can  be  overcome  are  needed.  As  a first  step 
in  this  direction,  the  magnitude  of  the  heat  problem  must  be  defined  and  the 
areas  of  greatest  concern  determined.  The  first  report  of  the  current  study 
by  Calspan  (formerly  Cornell  Aeronautical  Laboratory)  deals  with  heat  transfer 
for  both  cased  and  caseless  ammunition  in  guns  utilizing  7.62mm  ammunition.* 

In  addition,  a general  experimental -analytical  technique  was  evolved  by  which 
weapon  design  criteria  could  be  established.  The  desire  to  predict  tempera- 
tures during  bursts  from  single-shot  data  arises  from  the  fact  that  single-shot 
data  are  available  much  earlier  in  the  development  cycle  than  multiple-shot 


2 


data;  in  the  form  of  basic  Mann  barrel  data  it  can  be  available  during  the 
initial  design  stages.  Predictions  based  on  single-shot  data  can  be  used  in 
modifying  proposed  designs  to  satisfy  mission  requirements  before  the  weapon 
development  has  reached  the  point  where  changes  are  costly  and  time  consuming. 

The  general  experimental-analytical  approach  developed  in  Reference  1 

began  with  the  realization  that  although  heat  transfer  rates  can  be  viewed 

as  quantities  for  which  theoretical  interpretation  is  possible,  they  have  yet 

to  be  accurately  predicted  without  the  use  of  extensive  empirical  evaluations. 

Generally,  the  theory  serves  as  a means  of  interpreting  between  exist  ng  designs 

for  which  experimental  observations  have  been  made.  For  this  reason,  it  has 

been  regarded  most  efficient  to  evaluate  by  experiments  the  heat  transfer 

within  a number  of  weapons  using  both  caseless  and  cased  ammunition  and  to 

correlate  the  measured  data  in  terms  of  pressure,  velocity,  and  position.  This 

was  the  approach  that  was  used  in  Reference  1 for  studying  the  heat  transfer 

to  7.62mm  fixtures  and  it  is  the  approach  that  has  been  followed  in  a second 

report  which  is  primarily  concerned  with  the  heat  transfer  to  5.56mm  and  27mm 

2 

caseless  ammunition  fixtures 


Heat  transfer  to  chamber  and  stop-shoulder  areas  of  weapons  are  most 
vital  to  understanding  the  effects  of  replacement  of  standard  ammunition  with 
caseless  ammunition  as  these  are  the  areas  of  outstanding  difference  between 
cased  and  caseless  ammunition.  For  this  reason,  prime  emphasis  in  Reference  2 
was  placed  on  measurement  of  heat  transfer  in  these  areas  and  its  effects  on 
weapon  performance  in  both  single  and  multiple  burst  operation.  Small  heat 
flux  sensors  were  installed  in  selected  guns,  and  the  time  history  of  chamLer 
heat  flux  was  evaluated  in  single-shot  firings  using  caseless  ammunition. 
Through  computer  calculations,  chamber  wall  temperatures  were  obtained  for 
simulated  rapid-fire  conditions,  and  temperature  values  were  compared  with 
critical  cook-off  temperatures  experimentally  determined  for  the  propellant. 

By  this  means,  areas  of  greatest  cook-off  hazard  could  be  delineated.  The 
effectiveness  of  ammunition  coatings  for  reducing  net  heat  transfer  and  for 
preventing  propellant  ignition  was  also  investigated  in  this  work,  both 
experimentally  and  analytically.  Additional  studies  by  Calspan  of  coated 


caseless  ammunition  have  been  reported  in  References  3,  4,  and  5.  The  mathe- 
matical models  and  computer  routines  developed  in  the  present  program  for 
evaluating  heat  transfer  are  presented  in  Reference  6,  which  is  reproduced 
as  an  Appendix  to  this  report.  The  ignition  of  5.5bmm  caseless  ammunition 
was  photographed  through  a clear  sapphire  chamber.  These  tests  are  reported 
in  Reference  7.  Reference  7 also  includes  single-shot  and  20  round  burst  heat 
transfer  measurements  of  5.56mm  cased  ammunition  for  comparative  purposes. 


II.  SUMMARY  AND  CONCLUSIONS 
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The  objectives  of  these  heat  transfer  studies  of  small  and  medium 
caliber  caseless  ammunition  have  been  (1)  to  evaluate  the  thermal  performance 
of  existing  fixtures  and  ammunition,  (2)  to  devise  and  evaluate  mathematical 
techniques  by  which  the  thermal  behavior  of  future  weapons  employing  small  and 
medium  caliber  caseless  ammunition  may  be  predicted  and  problem  areas  identified 
prior  to  final  weapon  design,  and  (3)  to  obtain  information  which  can  lead  to 
improvement  in  future  weapons  and  ammunition.  This  study  continues  previous 
work  on  5.56mm  and  27mm  caseless  ammunition.  The  primary  emphasis  of  the  5.56mm 
caseless  ammunition  testing  is  directed  towards  HITP  rounds.  Firing  tests  and 
laboratory  cook-off  tests  were  conducted  with  HITP  and  analysis  was  conducted 
to  evaluate  the  potential  of  caseless  ammunition  during  burst  firing  schedules. 
The  27mm  evaluations  presented  in  this  report  consist  of  the  results  of  single- 
shot and  rapid-fire  testing,  laboratory  cook-off  tests,  and  predictions  of 
gun  heating  to  be  expected  during  rapid-fire  bursts.  A mathematical  model 
was  developed  which  provides  an  adequate  tool  by  which  the  thermal  effects  of 
rapid  fire  may  be  predicted  based  upon  single-shot  testing. 

The  following  conclusions  were  developed  relative  to  5.56mm  ammuni- 
tion : 

1 . Cased  Ammunition 

1.  Cook-off  c 2 conventional  5.56mm  ball  ammunition  in 
the  M16  rifle  is  possible  after  140  rounds  fired 
rapidly  (i.e.  all  magazines  fired  in  single  bursts 
and  approximately  5 seconds  between  magazines) . 

2.  For  conventional  5.56mm  ball  propellant  ammunition, 
cook-off  at  chamber  temperatures  below  370°F  is  unlikely. 
Cook-off  within  1.5  sec  of  chambering  is  not  expected 
for  any  chamber  temperature. 
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3.  Generally,  cook-off  in  the  M16  rifle  is  due  to  heating 
of  propellant  in  contact  with  the  projectile,  not  the 
case. 
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2.  Caseless  Propellants 

1.  Molded  caseless  ammunition  which  is  unprotected  by  a 
covering  exhibits  similar  characteristics  to  cased 
ammunition  but  limiting  cook-off  conditions  are 
different . 

2.  Limiting  long-time  cook-off  temperature  for  caseless 
propellants  as  given  in  Table  III  is  better 

than  that  for  5.56mm  ball  propellant  cased 
ammunition . 

By  comparison  with  IMR  propellant  which  flames  at 
cook-off,  flaming  of  the  newly  developed  high  ignition 
temperature  propellants  (HITP)  is  unlikely  at 
temperatures  expected  during  use  in  a rapid  fire 
weapon. 

4.  The  HITP  generally  provide  some  measurable  increase 
in  limiting  long-time  cook-off  temperature  level 
over  that  of  IMR. 

5.  Short-time  cook-off  temperature  thresholds  of  HITP 
are  significantly  greater  than  IMR  (Table  V). 

6.  Rapid  fire  of  molded  caseless  ammunition  has  been 
performed  at  nominally  600  rounds/min  and  at  burst 
lengths  up  to  40  rounds. 

7#  Short-time  cook-off  in  less  than  one  second  has  been 
experienced  in  the  firing  of  molded  IMR  caseless 
ammunition  but  is  attributable  to  inappropriate  selec- 
tion of  firing  mechanism  for  use  with  caseless  ammuni- 
tion. 
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8. 


9. 


10. 


HITP  generally  show  less  chamber  heating  than  IMR 
propellants  but  reductions  are  believed  due  in  part 
to  incomplete  combustion  and  in  part  to  insulating 
effects  of  residue  in  the  chamber. 

The  HITP  generally  show  increased  chamber  residue 
over  that  of  IMR;  HITP  8602.1  appears  closest  to 
IMR  in  cleanliness  of  burning. 

It  appears  that  the  increased  ignition  temperature 
of  HITP  in  general  may  allow  a severalfold  increase 
in  burst  length  over  that  of  IMR. 
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Based  upon  the  results  of  the  heat  transfer  studies  and  the  above 
conclusions,  the  following  recommendations  relative  to  5.56mm  caseless  ammuni- 
tion are  made. 

1.  Efforts  should  be  directed  to  the  design  and  fabrica- 
tion of  a rapid  fire  system  thermally  compatible  with 
caseless  ammunition.  It  is  suggested  that  a multiple 
chamber,  fixed  breech  design  be  investigated.  A 
multiple  chamber  would  allow  time  between  round  inser- 
tions for  the  residual  temperature  to  reduce  and  a 
fixed  breech  would  reduce  heating  at  the  base  of  the 
round. 

2.  Means  by  which  contact  of  the  propellant  to  the  stop- 
shoulder  may  be  prevented  must  be  sought  and  developed. 

Plastic  shoulder  discs  may  be  very  effective. 

3.  Limited  effort  should  be  continued  on  the  development 
of  HITP  propellant  with  especial  attention  given  to 
modifications  of  the  8600  series  propellants. 

j 
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The  following  conclusions  were  developed  for  the  tested  27mm  caseless 


ammunition . 


Ballistic  performance  comparable  to  standard  brass 
cased  ammunition  can  be  obtained  with  molded  charge 
caseless  ammunition  with  little  chamber  residue. 
Cook-off  of  molded  propellants  is  not  likely  at  cham- 
ber temperatures  below  400°F,  or  about  equivalent  to 
the  cook-off  threshold  for  brass  cased  ammunition. 
Above  600°F,  cook-off  of  uncovered  caseless  ammuni- 
tion can  be  expected  prior  to  equilibration  of  cham- 
ber wall  temperature  gradients. 

Use  of  covered  caseless  ammunition  can  defeat  sub- 
stantially the  limitations  on  allowable  burst  length 
caused  by  chamber  wall  thermal  gradients.  This  is 
due  in  part  to  the  insulating  effect  of  the  covering 
and  in  part  to  the  heating  reductions  afforded  by  the 
covering  during  the  interior  ballistic  cycle.  Com- 
puter assessment  of  thermal  information  indicates 
that  burst  length  limited  by  cook-off  can  be  made 
equivalent  to  that  of  standard  brass  cased  ammunition 
when  covered  caseless  ammunition  is  used. 

The  tested  molded  ball  propellant  ammunition  was 
found  to  exhibit  generally  less  chamber  heating 
than  the  other  ammunition  types  tested  (molded 
double  base  extruded  propellant  and  cast  monolithic, 
single  grain  propellant).  Additionally,  the  ball 
propellant  ammunition  produced  more  uniform  interior 
ballistic  performance 

For  the  ammunitions  tested,  the  most  rounds  that  can 
be  fired  in  a burst  in  the  automatic  test  fixture 
without  a cook-off  possibility  will  occur  with  the 
molded  ball  propellant.  Next  will  be  the  molded 
double  base  extruded  propellant  ammunition  and  third 
the  monolithic,  single  grain  propellant  ammunition. 
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6.  In  the  design  of  futir  e rapid-fire  weapons,  thermal 
factors  must  be  given  prime  consideration  especially 
in  critical  chamber  and  bolt/breech  areas.  Use  of 
low  thermal  conductivity  materials  and  unnecessary 
protrusions  must  be  avoided. 


III. 


S.56MM  AMMUNITION 


A.  Cased  Ammunition 


Early  efforts  in  the  study  program  were  devoted  to  the  investigation 
of  cook-off  characteristics  of  cased  5.56mm  ammunition  when  used  in  the  M16 
rifle.  The  ultimate  objective  of  these  investigations  was  to  establish  the 
cook-off  performance  which  ideally  must  be  bettered  or  at  least  matched  by 
caseless  ammunition. 

Cook-off  times  recorded  for  5.56mm  cased  ammunition  placed  into  a 
preheated  Mlb  rifle  chamber  are  shown  in  Figure  1.  Midchamber  temperatures 
up  to  800°F  were  ut  zed  in  tests  of  three  types,  (1)  natural  chamber  cooling, 
(2)  constant  chamber  temperature,  and  (5)  rapid  fire  cook-off  of  a 20  round 
magazine  during  natural  cooling  of  the  chamber.  Results  obtained  for  the  three 
types  of  tests  (Figure  1)  indicate  typically  the  same  values.  This  is  as 
expected  inasmuch  as  the  natural  cooling  of  the  chamber  produced  insignificant 
temperature  drop  in  the  cook-off  times  recorded,  especially  at  high  chamber 
temperatures.  Inspection  of  the  data  indicates  two  limiting  conditions: 

1.  Cook-off  is  not  expected  at  chamber  temperatures  below 
370°F. 

2.  Cook-off  times  shorter  than  1.5  sec  would  not  be 
expected  in  this  ammunition-rifle  combination. 

For  comparison,  the  solid  curve  of  Figure  1 represents  the  locus 
of  minimum  cook-off  times  observed  for  cased  7.62mm  ammunition  obtained  in 
earlier  work  using  an  M60  machine  gun.“  Differences  in  observed  cook-off  times 
are  minor  and  are  likely  due  to  differences  in  barrel -chamber  geometries  rather 
than  ammunition- propel lant  effects. 

Chamber  and  barrel  temperature  rises  for  the  M16  rifle  during  rapid 
fire  of  multiple  magazines  were  recorded  in  order  to  determine  rapid  fire  con- 
ditions leading  to  cook-off.  In  particular,  it  was  desired  to  estimate  the 
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TIMES  FOR  5.56mm  CASED  AMMUNITION  IN  PREHEATED  M16  RIFLE 


single  burst  cook-off  limit  for  the  cased  5.56mm  ammunition  fired  in  the  M16 
chamber  configuration.  Figure  2 illustrates  temperatures  and  cook-off  times 
recorded  in  rapid  fire  of  about  11  magazines  (219  rounds)  in  the  M16  rifle. 

A failure  to  eject  followed  by  a jam  during  the  fourth  magazine  allowed  some 
cooling  of  the  weapon  to  take  place  and  thus  compromised  the  data  somewhat, 
but  it  is  clear  that  this  number  of  rounds  is  more  than  sufficient  to  produce 

cook-off  in  the  weapon.  Cook-off  times  as  short  as  18  seconds  are  observed. 

A second  test,  the  results  of  which  are  shown  in  Figure  3,  was  found  to  produce 
no  cook-off.  Here  7 magazines  (140  rounds)  were  fired  as  rapidly  as  possible 
(approximately  46  seconds)  with  the  cook-off  round  chambered  within  12  seconds 
after  the  final  magazine.  No  cook-off  was  observed  although  the  barrel 
temperature  in  the  vicinity  of  the  stop-shoulder  is  seen  to  be  above  400°F 
(Figure  3).  Cook-off  conditions  must  have  been  closely  approached  in  this 

g 

test  as  indicated  by  tests  at  Aberdeen  Proving  Grounds  which  reported: 

1.  Cook-off  in  41.2  sec  after  140  rounds  fired  in  46.7  sec. 

2.  Cook-off  in  42.7  sec  after  140  rounds  fired  in  51.2  sec. 

3.  No  cook-off  after  120  rounds  fired  in  32  sec. 


In  order  to  obtain  a more  fundamental  understanding  of  chamber  cook- 
off and  to  reduce  the  expenditure  of  ammunition,  several  tests  were  conducted 
in  which  an  inert  round  of  ammunition  containing  temperature  sensing  thermo- 
couples was  placed  into  preheated  chambers.  In  these  tests,  the  barrel  section 
near  the  chamber  was  heated  by  an  external  gas  torch.  High  heat  flux  car  be 
obtained  with  this  technique,  and  thermal  gradients  in  the  chamber  area  which 
are  representative  of  those  in  rapid  fire  can  be  obtained.  After  heating  the 
chamber  with  the  torch,  the  instrumented  round  was  immediately  cycled  into  the 
chamber  by  the  bolt.  Figure  4 shows  case  temperature  histories  for  a specific 
thermal  gradient  and  where  the  barrel  near  the  projectile  (position  No.  3) 
was  initially  above  475°F.  The  gradient  closely  represents  that  which  existed 
at  the  insertion  of  the  second  cook-off  round  in  the  test  shown  in  Figure  2 
where  cook-off  occurred  in  about  18  sec.  The  maximum  temperature  internal  to 
the  case  appears  to  occur  at  the  base  of  the  projectile.  This  maximum  occurs 
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Figure  2 EXTERNAL  CHAMBER  AND  BARREL  TEMPERATURES  IN  M16  RIFLE 
DURING  RAPID  FIRE  SCHEDULE 
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Figure  4 TEMPERATURE  HISTORY  OF  INSTRUMENTED  5.56  mm  BRASS  CASE 
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in  the  order  of  20  seconds  after  insertion  of  the  round  and  is  sufficient  to 
ignite  the  propellant  within  seconds,  whereas  cook-off  would  not  be  produced  by 
any  of  the  other  recorded  temperatures  in  the  aforementioned  time.  Hence, 
for  this  gradient,  the  base  of  the  projectile  apparently  initiates  propellant 
cook-off.  In  other  tests  of  similar  type  it  was  found  that  the  temperature 
of  the  projectile  base  exceeded  that  of  the  other  case  locations  in  a time  of 
about  9 seconds.  This  suggests  that  cook-off  in  periods  less  than  9 sec  are 
initiated  by  the  forward  portion  of  the  case  and  those  in  periods  significantly 
greater  than  9 sec  are  initiated  by  the  projectile  base.  Also,  it  was  observed 
that  the  maximum  base  temperature  is  approximately  75  percent  of  the  simple 
average  of  the  external  barrel  temperatures  at  positions  3 and  4.  Cook-off  in 
times  of  the  order  of  10  to  20  sec  is  expected  to  occur  at  propellant  tempera- 
tures in  the  range  450  to  425°F.  A simple  average  from  570  to  600°F  is  needed 
to  produce  cook-off  in  this  time  frame.  This  average  temperature  falls 
rapidly  (about  3°F/sec)  immediately  after  firing  and  because  the  cook-off 
temperature  range  is  so  small  (10  sec  at  450°F,oc>at  375°F),  it  is  difficult  to 
produce  cook-off  in  periods  greater  than  20  sec  without  having  first  produced 
it  in  shorter  periods.  This  is  demonstrated  in  Figure  2. 

Data  on  cook-off  of  ammunition  placed  into  the  chamber  heated  by  a 
torch  was  gathered  in  an  effort  to  determine  the  threshold  of  cook-off.  The 
test  procedure  was  similar  to  that  used  for  the  instrumented  round,  but  a 
standard  5.56mm  M193  cased  round  was  charged  into  the  preheated  chamber. 

Results  are  shown  in  Table  I.  A total  of  ten  tests  were  conducted  of  which 
five  did  not  produce  cook-off,  four  produced  cook-off  in  less  than  20  sec, 
and  one  produced  cook-off  in  greater  than  20  sec.  Considering  cook-off  time 
to  be  governed  by  the  simple  average  of  barrel  temperature  above,  the  Table 
shows  that  the  temperature  range  in  which  cook-off  at  times  greater  than  20 
sec  occurs  is  rather  narrow,  say  from  594  to  613°F.  Below  594°F,  cook-off 
did  not  occur;  above  613°F,  cook-off  occurred  in  less  than  20  sec.  Hence, 
one  estimates  the  single  burst  cook-off  temperature  for  the  M16  firing 
cased  ammunition  to  be  600°F  as  a simple  average  of  temperature  at  positions 
3 and  4 of  the  M16  barrel.* 

* o 

It  must  be  emphasized  that  this  simple  average  temperature  (600  F)  is  not  the 

propellant  temperature. 


Tablel 

COOK-OFF  TEST  OF  M193  BALL  PROPELLANT  AMMUNITION  IN  M16  RIFLE 
(THERMAL  GRADIENTS  PRODUCED  BY  TORCH) 
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The  number  of  rounds  which  can  be  safely  fired  in  a single  burst  of 
the  M16  rifle  was  established  by  determining  the  barrel  temperature  as  a func- 
tion of  rounds  fired  using  rapid-fire  data  of  the  type  shown  in  Figures  2 and 
3.  The  resulting  temperatures  are  shown  in  Figure  5 where  barrel  temperatures 
at  positions  2,  3,  and  4 as  well  as  the  simple  average  of  3 and  4 are  shown  as 
a function  of  rounds  fired.  One  may  observe  that  the  average  temperature 
reaches  the  600°F  threshold  at  about  140  rounds  fired  in  a continuous  burst. 
Hence,  cook-off  conditions  have  been  reached  for  this  ammunition-weapon  com- 
bination in  any  continuous  burst  exceeding  140  rounds,  if  the  weapon  is  above 
70°F  initially.  The  effect  of  ambient  temperature  (-65  to  +165°F)  is  estimated 
to  affect  the  allowable  burst  length  by  - 20  rounds. 


With  respect  to  shorter  burst  lengths  followed  by  short  term  interim 
cooling,  say  5-10  sec,  the  number  of  rounds  fired  prior  to  cook-off  conditions 
will  not  be  changed  greatly  because  the  balance  of  heat  energy  in  the  chamber 
area  will  be  relatively  the  same.  Although  thermal  gradients  will  not  be  as 
great,  the  rate  of  average  temperature  decay  will  be  somewhat  less,  and  hence, 
more  time  will  be  available  to  heat  the  case  and  its  propellant  contents. 

This  is  illustrated  above  by  the  Aberdeen  tests.  One  may,  therefore,  consider 
140  rounds  fired  as  rapidly  as  possible  the  probable  cook-off  limit  for  this 
ammunition-weapon  combination.  This  ideally  should  be  matched  by  a caseless 
rifle  system. 


I 


BL Thermal  Characteristics  of  Molded  Propellants 

Evaluation  of  the  thermal  characteristics  of  molded  propellants  was 
conducted.  The  propellants  to  be  tested  were  designated  by  Frankford  Arsenal. 
Tests  of  several  types  were  performed. 

Contact  of  propellant  to  a controlled  constant  tempera- 
ture plate. 

Contact  of  propellant  to  a rapidly  cooling  surface. 

Thermal  evaluations  during  rapid  fire  of  complete 
caseless  cartridges. 

Cook-off  tests  of  complete  cartridges  chambered  into 
a preheated  essentially  constant  temperature  Mann 
barrel . 

Heat  transfer  evaluations  of  complete  cartridges  fired 
in  an  instrumented  Mann  barrel. 

Controlled  Temperature  Plate  Tests 

Figures  6 and  7 illustrate  cook-off  data  for  several  propellant  types 
obtained  using  a controlled  temperature  plate.  The  data  are  presented  in 
terms  of  cook-off  time  for  any  given  plate  temperature.  Each  test  point  was 
obtained  by  placirg  a propellant  sample  on  a steel  plate  preheated  to  a 
measured  temperature  and  noting  the  time  at  which  propellant  cook-off  begins. 
Here  cook-off  is  defined  as  the  time  at  which  rapid  smoke  emission  began.  It 
must  be  noted  that  generally,  by  contrast  with  the  IMR  propellants  which  flame 
at  cook-off,  flaming  was  not  observed  for  the  high  ignition  temperature  pro- 
pellants (HITP).  Typically,  the  HITP  would  first  begin  melting  at  the  con- 
tact surface,  then  at  a later  time,  begin  rapidly  emitting  smoke.  Only  in 
a few  tests  at  very  high  temperatures  did  the  smoke  burst  into  flames.  This 
is  illustrated  in  Table  II.  Lack  of  the  flaming  characteristic  made  deter- 
mination of  specific  cook-off  time  somewhat  a matter  of  observer  judgment, 
but  the  values  obtained  are  believed  adequate  for  purposes  of  comparison. 
Limiting  cook-off  temperatures  appear  to  be  as  given  in  Table  III. 
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TABLE  II 

INCIDENT  OF  FLAMES  IN  CONSTANT  TEMPERATURE 
PLATE  COOK-OFF  TESTS 


Approx.  Plate 


No.  of  Tests 


No.  of  tests 
Resulting  in  Flames 


BY 

TABLE  III 

COOK-OFF  THRESHOLDS  ESTABLISHED 
THE  CONTROLLED  TEMPERATURE  PLATE  TESTS 

IMR  4227  - 

6090 

6145 

4809 

375°F 

6151 

6152 

6153 

450°F 

Picatinny 

Arsenal 

546-1 

450+°F 

Rocketdyne 

GP-014 

500°°F 

Thiokol 

CASOL 

500°F 

Rocketdyne 

8602.1 

8602.2 

8603.1 

550°F 

Hercules  Powder 
Company 

COOKOFF 


PROPELLANT  DESIGNATION 
NUMBER 


COOKOFF 


COOK  OFF 


TEMPERATURE,  °F 


Figure  6 COOK  OFF  TEMPERATURES  ON  CONSTANT  TEMPERATURE  STEEL  PLATE, 
5.56  MM  PROPELLANTS 
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COOK-OFF  TEMPERATURES  ON  CONSTANT  TEMPERATURE  STEEL  PLATE 
5.56  MM  PROPELLANTS 


It  is  apparent  that  the  high  ignition  temperature  propellants  pro- 
vide some  measurable  increase  in  limiting  long-time  cook-off  temperature 
level  over  that  of  the  IMR. 

2.  Rapidly  Cooling  Surface  Tests 

Cook-off  characteristics  of  IMR  and  various  HITP  were  also  established 
in  tests  conducted  using  a rapidly  cooling  contact  surface.  The  device  con- 
sists of  a balance  arm  on  which  a propellant  sample  may  be  placed.  A movable 
test  surface  containing  a thermocouple,  after  heating  by  a gas  torch,  may 
be  pivoted  over  the  sample  thus  releasing  a catch  allowing  contact  of  the 
propellant  under  a preestablished  load  (generally  50  grams).  The  temperature 
of  the  test  surface  is  recorded  on  an  oscilloscope  via  the  thermocouple  and 
the  time  of  contact  of  the  sample  is  indicated  also  on  the  scope  by  a micro- 
switch which  supplies  a voltage  to  the  scope.  Because  the  test  surface  is 
heated  at  high  rate  by  the  torch,  the  thermal  gradient  thus  produced  induces 
rapid  cooling  of  the  surface  upon  removal  of  the  source.  This  rapid  cooling 
is  representative  of  that  which  occurs  within  the  chamber  walls  during  rapid 
fire  and  can  be  used  as  a measure  of  the  ability  of  the  propellant  to  with- 
stand contact  with  hot  chamber  walls  in  the  early  stages  of  firing  where 
thermal  gradients  are  severe. 

In  testing,  one  of  several  effects  of  high  temperature  contact  may 
be  noted,  dependent  upon  the  propellant,  the  contact  temperature,  or  the 
cooling  rate.  First,  there  may  be  no  effect  on  the  propellant;  second,  the 
propellant  may  be  discolored;  third,  some  minor  smoke  may  be  emitted;  fourth, 
there  may  be  an  initial  surge  of  smoke  followed  by  immediate  termination  of 
reaction;  fifth,  reaction  might  continue  for  a measurable  period  indicative 
of  a cook-off  but  then  terminate  or  quench;  finally,  the  reaction  might  con- 
tinue until  all  propellant  is  consumed  which  is  here  designated  a cook-off. 

Table  IV  and  V illustrate  data  obtained  for  several  propellants  at  a cooling 
rate  of  about  150°F/sec.  As  found  in  the  long  time  controlled  plate  tests, 
the  HITP  provide  some  increase  in  cook-off  temperature  over  that  of  the  IMR. 
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TABLE  IV 

RES I DUAL  TEMPERATURE  COOK-OFF  TESTS 
(Surface  Cooling  Rate  = 150°  F/sec) 


Contact 

Contact 

f’ropel  lant 

Temperature.  F 

Result 

Propel lant 

Temperature,  °C 

Result 

IMR  4800 

390 

no  effect 

I1ITP  8602.1 

560 

no  effect 

4S0 

slight  smoke 

5X0 

no  effect 

460 

cook -off 

6.30 

slight  smoke 

470 

large  smoke 

6.30 

slight  smoke 

4X0 

large  smoke 

690 

1 arge  smoke 

480 

large  smoke 

760 

large  smoke 

500 

cook-off 

800 

quench 

510 

cook-off 

840 

cook-off 

540 

cook -off 

880 

cook-off 

540 

rook -off 

900 

cook-off 

550 

cook-off 

630 

rook -off 

HTTP  615.3 

500 

slight  smoke 

HITP  GP-014 

770 

slight  smoke 

580 

large  smoke 

820 

quench 

6.30 

large  smoke 

860 

quench 

670 

cook-off 

860 

no  effect 

740 

cook -off 

870 

quench 

740 

cook-off 

880 

ouench 

800 

cook-off 

930 

cook-off 

860 

cook-off 

930 

cook-off 

880 

cook-off 

950 

cook-off 

1050 

cook-off 

950 

cook-off 

990 

cook-off 

IUTP  fa«=ol 

540 

slight  smokp 

580 

1 arg"  smoke 

630 

quench 

670 

quench 

690 

quench 

760 

cook-off 

800 

cook-off 

840 

cook-off 

900 

cook-off 

930 

cook -off 

930 

cook-off 

1030 

cook -off 
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Table  V 

RESIDUAL  TEMPERATURE  COOK-OFF  RESULTS 
SURFACE  COOLING  RATE  ISO  °F/SEC 


Cook-Off  Limit 


1MR  4809 

480  - 

500°F 

6153 

630  - 

670°F 

CASOL 

690  - 

760°F 

8602.1 

800  - 

840°F 

GP-014 

880  - 

930°F 

It  must  be  noted  that  the  values  in  Tables  IV  and  V apply  most  strictly  to 
the  cooling  rate  given,  and  will  change  somewhat  for  other  cooling  rates. 

The  variation  is,  however,  not  great  and  therefore  one  expects  that  the  order 
of  grouping  will  not  change  with  other  cooling  rates. 

3.  Firing  Tests 


Thermal  evaluations  of  5.56mm  caseless  ammunition  during  rapid 
fire  were  conducted  using  a test  fixture  supplied  by  Rock  Island  Arsenal  and 
subsequently  modified  by  Calspan  to  represent  as  closely  as  possible  the  M16 
barrel  configuration  in  the  vicinity  of  the  breech.  The  fixture  was  instru- 
mented with  several  barrel  thermocouples  at  the  locations  shown  in  Figure 
8.  Rapid  fire  operation  of  the  fixture  is  produced  by  direct  action  of  the 
chamber  propellant  gases  on  the  firing  pin  and  bolt  face.  As  these  gases  act 
on  the  firing  pin,  the  pin  is  forced  rearward  initiating  bolt  unlock  through 
bolt  rotation.  Once  the  bolt  is  unlocked,  breech  pressure  acting  on  the  bolt 
face  accelerates  the  bolt  rearward  compressing  a driving  spring  which  then 
stores  sufficient  energy  to  perform  the  functions  of  round  stripping,  cham- 
bering, bolt  locking,  and  firing  pin  strike  in  the  next  cycle.  The  rate 
of  fire  is  governed  by  the  bolt  mass,  drive  spring  force  constant,  and 
buffer  spring  action  and  position.  The  approximate  average  firing  rate  for 
the  fixture  as  assembled  for  the  rapid  fire  tests  was  600  rds/min,  but  a 
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Figure  8 ROCK  ISLAND  BARREL  MODIFIED  TO  M16  CONFIGURATION  SHOWING  IN-WALL 
AND  EXTERNAL  THERMOCOUPLE  POSITIONS 


special  air  actuated  trigger  release  mechanism  allowed  reduction  of  effective 
rate  of  fire  if  desired  for  specific  tests.  Testing  with  this  fixture  was  to 
be  for  the  purpose  of  establishing  chamber  and  barrel  temperatures  in  rapid 
fire  as  well  as  to  expose  factors  relating  to  ammunition  performance  in  rapid 
fire  conditions.  For  the  firing  tests,  a magazine  capable  of  containing  up 
to  60  rounds  was  designed  and  fabricated. 

Several  short  bursts  of  ammunition  molded  from  IMR  4809  and  supplied 
by  Frankford  Arseral  were  made  including  a forty-round  burst  at  600  rounds/min. 
External  barrel  temperatures  were  recorded,  and  the  average  chamber  tempera- 
tures were  taken  as  the  peak  external  temperature  after  each  burst.  Figure  9 
shows  the  average  temperature  rise  at  each  thermocouple  location  as  a func- 
tion of  burst  length.  It  has  previously  been  established  (Table  III)  that 
average  temperatures  near  375°F  are  needed  to  produce  cook-off  of  this  pro- 
pellant. Clearly,  the  average  temperatures  are  insufficient  to  initiate  a 
cook-off  of  this  propellant  in  forty  rounds.  Extrapolation  of  the  average 
temperature  data,  specifically  for  position  No.  5 where  intimate  propellant 
contact  is  possible,  indicates  this  chamber  configuration  to  be  capable  of 
firing  at  least  80  rounds  without  cook-off  initiated  by  excessive  average 
temperature.  An  unprimed  round,  the  last  round  of  the  forty  round  complement 
was,  however,  found  to  discharge  within  0.8  sec  after  loading. 

Thermal  gradients  measured  in  subsequent  testing  were  found  to  be 
insufficient  to  account  for  this  observed  cook-off  and  it  is  postulated  that 
the  cook-off  was  due  to  excessive  bolt  face  temperature.  This  is  supported  by 
recorded  chamber  temperatures  as  shown  in  Figure  10,  which  illustrates  both 
weapon  action  and  measured  chamber  wall  temperature  at  the  rear  chamber  posi- 
tion. Ignition  delays  on  the  second,  seventh,  thirteenth,  and  seventeenth  rounds 
of  a 20  round  burst  are  clearly  illustrated  in  Figure  10.  Characteristically, 
each  delay  is  preceded  by  an  immediate  primer  ignition  which  is  indicated  by 
a slight  increase  of  chamber  wall  temperature.  This  is  followed  by  a variable 
delay  period  in  which  some  propellant  burning  occurs,  with  increasing  tempera- 
ture and  pressure.  Finally,  the  main  charge  is  ignited.  Ignition  delays  of 
up  to  0.35  sec  are  evident.  The  total  time  to  fire  20  rounds  is  about  3.33 
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BURST  LENGTH  - RDS 


Figure  9 AVERAGE  TEMPERATURE  RISE  VS  BURST  LENGTH  (RI-M16 
CASELESS  FIXTURE) 


SEE  FIGURE  8 

FOR  THERMOCOUPLE  POSITIONS 


NOTE: 


PRIMER 

IGNITION 


IN-WALL  TEMPERATURES  AT  THE  REAR  CHAMBER  DURING  A 20  ROUND 
BURST  (RI-M16  FIXTURE) 


sec,  indicating  an  average  rate  of  360  rounds/min.  Excluding  the  rounds 
showing  firing  delays,  the  rate  is  about  520  rounds/min. 

In  the  twenty  round  burst,  the  maximum  residual  rear  chamber  wall 
temperature  rise  is  only  180°F.  This  is  much  below  the  cook-off  threshold 
of  the  propellant.  Nevertheless,  the  unprimed  cook-off  round  inserted 
immediately  upon  termination  of  the  twenty  round  burst  was  found  to  discharge 
within  0.4  sec  after  insertion.  In  fact,  the  rear  chamber  temperature  indi- 
cates burning  of  the  propellant  within  0.1  sec  after  insertion.  Because 
there  was  no  primer  in  the  cook-off  round,  no  initial  jump  in  wall  temperature 
is  observed,  but  a definite  increase  in  chamber  temperature  is  shown  prior 
to  discharge  of  this  round. 

The  location  of  initial  propellant  ignition  is  interpreted  to  be 
in  the  vicinity  of  the  rear  chamber,  because  only  the  rear  chamber  temperature 
was  found  to  increase  prior  to  discharge.  Temperatures  recorded  at  the  stop- 
shoulder  and  neck  showed  no  measurable  increase  in  this  period.  Their  maximum 
residual  temperature  rises  were  150  and  212°F  respectively. 

The  propellant  cook-off  is  believed  to  be  initiated  by  excessive 
temperatures  near  the  base  of  the  round.  The  chamber  wall  temperature  in  this 
vicinity  is  not  sufficient  to  initiate  cook-off.  Thus,  one  concludes  that 
either  the  bolt  or  bolt  parts  (seal  rings  or  firing  pin)  are  initiating  cook- 
off. Although  the  firing  pin  is  expected  to  be  hot  enough,  it  does  not  contact 
combustible  material  in  the  unprimed  round,  but  radiation  from  the  pin  might 
be  a source  of  ignition.  The  piston  rings  used  as  a seal  and  the  sides  of  the 
bolt  contact  the  propellant  while  the  bolt  is  moving  rearward,  as  does  the 
bolt  face  as  the  bolt  moves  forward. 

A thermocouple  probe  was  constructed  and  placed  in  a manner  which 
would  allow  contact  with  the  seal  rings  or  the  sides  of  the  bolt  when  the  bolt 
was  held  in  its  rearward  position  by  the  trigger.  The  thermocouple  probe 
was  spring  loaded  and  retained  by  a pin  such  that  at  any  desired  time  the  probe 
could  be  released  to  contact  a seal  or  the  bolt.  In  several  single-shot 
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firings,  seal  temperatures  in  excess  of  75  F were  observed,  as  well  as  average 
bolt  temperatures  in  excess  of  15°F  at  the  seal  location.  Based  on  these 
measurements,  it  is  conceivable  that  the  seal  temperature  could  have  exceeded 
1000°F  in  the  twenty  round  burst.  In  addition,  average  bolt  temperatures  greater 
than  370°F  would  be  expected.  The  maximum  seal  and/or  bolt  temperatures 
are  difficult  to  assess  based  on  these  measurements  but  there  is  little  doubt 
that  either  could  produce  rapid  ignition  of  the  propellant  in  a twenty  round  burst. 

Recalling  that  cyclic  action  in  this  fixture  is  produced  by  chamber 
pressure  acting  on  the  face  of  the  bolt,  one  can  readily  understand  the 
excessive  bolt  temperatures  experienced.  In  this  action,  considerable  propellant 
gas  leakage  around  the  bolt  may  be  obtained  as  the  bolt  moves  rearward  and 
opens.  This  low  pressure,  but  very  hot,  gas  can  transfer  much  of  its  energy  to 
the  bolt  and  seal  rings.  It  is  evident  that  the  weapon  action  to  be  used  for 
lapid  fire  of  caseless  ammunition  must  be  carefully  selected  to  avoid  genera- 
tion of  local  hot  spots  which  can  diminish  the  burst  length  capability  of  the 
total  caseless  system.  That  extended  burst  capability  from  a thermal  standpoint 
can  be  obtained  using  an  appropriate  mechanism  is  clearly  demonstrated  by  the 
temperature  data  obtained  in  the  rapid  fire  tests  where  both  average  chamber 
temperatures  and  chamber  thermal  gradients  are  shown  insufficient  to  produce 
cook-off  in  multiple  20  round  bursts  up  to  80  rounds  (see  Section  III  B-6) . 

Firing  pin  heating  and  firing  pin  temperatures  required  for  cook-off 
were  also  determined.  A single-shot  5.56mm  caseless  fixture  was  utilized  for 
the  faring  pin  heating  tests.  A special  firing  pin  with  the  tip  made  as  shown 
in  Figure  11  was  used  for  measuring  the  heat  input.  The  temperature  rise  of 
the  copper  tip  as  indicated  by  the  internal  thermocouple  is  proportional  to 
the  heat  input. 


Propellant  gas  leakage  around  the  firing  pin  was  varied  by  enlarging 
the  clearance  hole  through  which  the  pin  passes.  The  leakage  was  varied  from 
no  leak  by  virtue  of  an  o-ring  seal  (verified  by  paper  witnesses)  to  the  leak 
through  a 0.003  in.  clearance  (0.006  in.  on  the  diameter).  The  results  of 
these  tests  are  shown  in  Figure  12.  A total  of  16  tests  were  conducted.  The 
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points  on  the  figure  represent  the  averages  at  each  clearance.  Although  there 
is  considerable  scatter  in  the  results,  indications  are  that  there  is  some 
increase  in  heat  input  for  increased  firing  pin  clearance  (increased  leakage) . 

The  single-shot  temperatures  were  very  high.  The  minimum  average  temperature 
rise  was  173°F  and  the  maximum  was  233°F  in  single  shots.  Because  these 
temperatures  are  relatively  insensitive  to  pin  material,  steel  firing  pin 
temperatures  would  be  of  the  same  order. 

The  temperature  of  the  firing  pin  during  a burst  can  be  calculated 

for  determination  of  its  cook-off  potential.  The  heat  input  is  about  IS 

2 

Btu/ft  (Figure  12).  The  equilibrium  temperature  (the  temperature  that  would  be 
reached  after  a very  long  burst  with  no  heat  loses,  i.e.  at  zero  heat  input)  can 
be  assumed  to  be  the  same  as  in  the  chamber,  2630°F  (Reference  2).  The  heat  input 
at  ambient  initial  temperature  and  the  equilibrium  temperature  determine  the 
straight  line  variation  of  heat  input  per  round  as  a function  of  firing  pin 
temperature  at  the  beginning  of  each  shot.  Temperature  rise  of  the  firing  pin 
per  shot  is  directly  proportional  to  the  heat  input  per  shot.  Therefore,  knowing 
the  heat  input  per  shot  as  a function  of  pin  temperature,  the  pin  temperature 
was  calculated  by  an  iterative  procedure.  The  result  is  shown  in  Figure  13. 

The  firing  pin  temperature  reaches  very  high  values  before  20  rounds  are  fired. 

Cook-off  through  contact  of  a hot  firing  pin  to  the  propellant  is 
not  a hazardous  situation,  inasmuch  as  contact  of  the  pin  in  any  event  should 
be  at  a force  sufficient  to  ignite  the  round  through  the  primer.  A problem 
could  arise,  however,  if  cook-off  of  the  propellant  could  occur  without  con- 
tact of  the  pin.  A simple  test  device  was  constructed  to  assess  this  possi- 
bility. It  consisted  of  a 0.106  in.  diameter  rod,  simulating  a firing  pin  and 
containing  a thermocouple,  heated  with  a gas  flame  to  various  test  temperatures 
and  then  inserted  into  a 0.120  in.  diameter  hole  to  a set  distance  from  a disc 
of  molded  propellant  at  the  other  end  of  the  hole.  It  was  observed  whether 
or  not  the  propellant  ignited  as  evidenced  by  smoke  and  flames,  whether  or  not 
the  ignition  continued  until  the  propellant  was  completely  consumed,  and  the 
time  of  the  initial  ignition.  The  test  was  repeated  for  variations  of  propellant 
type,  firing  pin  temperature,  and  distance  between  firing  pin  and  propellant 
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until  the  conditions  necessary  to  cause  cook-off  were  delineated.  The  results 
are  shown  in  Figure  14.  Both  IMR  4809  propellant  and  WC  870  ball  propellant 
exhibited  nearly  the  same  relationship  for  cook-off,  as  shown  in  the  figure. 
However,  if  the  WC  870  propellant  ignited,  it  continued  burning  until  it  was 
all  consumed,  whereas  the  IMR  4809  stopped  burning.  In  all  cases,  if  ignition 
occurred,  it  was  within  2 sec  after  firing  pin  insertion.  At  temperatures 
above  the  minimums  required  for  cook-off,  the  cook-off  time  decreased;  but 
these  measurements  were  not  sufficiently  definitive  to  determine  the  relations 
between  temperature  and  time. 

To  prevent  cook-off  from  the  hot  firing  pin,  the  pin  must  be 
recessed  away  from  the  caseless  propellant.  Combining  Figure  14  with  Figure 
13,  the  required  distance  between  the  firing  pin  and  the  propellant  as  a 
function  of  number  of  rounds  fired  can  be  determined  as  shown  in  Figure  15. 

For  20  rounds  fired  in  a single  burst,  at  least  0.053  in.  between  the  firing 
pin  and  caseless  propellant  is  required  to  prevent  cook-off  by  radiation  from 
the  pin. 

It  must  be  emphasized  that  an  appropriate  firing  fixture  has  yet  to 
be  established  to  fully  exploit  the  benefits  of  caseless  ammunition.  Cer- 
tainly, means  must  be  sought  by  which  local  hot  spots  may  be  avoided,  while 
at  the  same  time  providing  the  needed  cyclic  actions  of  loading  and  firing. 

One  cannot  stress  too  greatly  the  importance  of  minimizing  contact  of  pro- 
pellant to  excessively  heated  parts. 

4.  Cook-Off  Tests 

Cook-off  tests  of  complete  rounds  made  using  high  ignition  temperature 
propellant  (HITP)  were  conducted.  For  these  tests,  a device  was  constructed 
which  would  insert  a round  (lacking  a primer)  into  a preheated  chamber.  The 
device  would  then  lock  the  breech  (using  a screw  thread  lock) . Chamber 
temperatures  were  recorded  using  in-wall  thermocouples.  Although  for  safety 
purposes,  chamber  heating  was  discontinued  immediately  prior  to  insertion  of 
the  round,  the  relatively  large  mass  of  the  chamber  restricted  the  chamber 
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cooling  to  less  than  20°F/min,  providing  essentially  a constant  temperature 
chamber  during  the  tests.  Time-to-cook-off  was  sufficiently  long  that  a stop 
watch  could  be  used.  Where  smoke  was  found  to  be  liberated  at  the  muzzle  prior 
to  cook-off  (indicated  by  sound),  the  approximate  time  of  this  occurrence  was 
also  noted. 

Results  of  the  cook-off  tests  are  shown  in  Table  VI.  Due  to  the 
limited  supply  of  ammunition  for  these  tests  (about  5 rounds  of  each)  only  a 
rather  brief  exploration  for  long  time  cook-off  limit  could  be  performed. 
Testing  was  complicated  further  when  it  was  observed  that  the  rounds  other 
than  GP-014  contained  a core  of  IMR  4227  propellant  which  could  be  cooked 
off  by  either  contact  with  the  stop-shoulder  or  conduction  through  the  pro- 
pellant. To  investigate  these  effects  several  modifications  of  the  supplied 
ammunition  also  were  tested.  Results  are  grouped  in  Table  VI  according  to 
these  modifications.  The  complete  rounds  were  as  supplied  by  Frankford 
Arsenal.  The  second  group  of  rounds  had  the  IMR  at  the  stop-shoulder  machined 
to  reduce  the  possibility  of  IMR  contact.  The  last  two  groups  had  the  pro- 
jectile altered  as  well  as  the  IMR.  Tests  were  conducted  at  nominal  chamber 
temperatures  of  450,  500,  550,  and  600°F.  Due  to  short  supply,  not  all 
ammunition  types  could  be  subjected  to  all  test  conditions. 

While  the  cook-off  test  results  are  masked  somewhat  by  the  possible 
effects  of  the  IMR  substrate,  it  appears,  as  indicated  in  the  controlled 
temperature  plate  tests,  that  some  increase  in  long  time  cook-off  temperature 
limit  is  af.orded  by  use  of  HITP.  The  increase  is  up  to  125°F  depending 
upon  propellant  type.  The  results  appear  to  confirm  generally  the  results 
of  plate  tests.  Because  the  plate  tests  were  not  obscured  by  the  presence 
of  lower  cook-off  temperature  IMR  propellant,  it  would  appear  best  to  use 
that  data  in  comparisons  of  cook-off  sensitivity. 

5.  Heat  Transfer  Evaluations 


Chamber  heating  during  firing  of  complete  rounds  was  also 
using  an  instrumented  Mann  barrel.  Heat  input  was  determined  using 
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Table  3ZI 

5.56MM  HITP  COOK-OFF  TEST  RESULTS 
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FOLLOWING  CONFIGURATION: 


thermocouples  located  within  0.015  in.  from  the  inside  wall  surface  at  the 
rear  chamber,  mid-chamber,  front  chamber  and  neck  areas  of  the  barrel.  Appen- 
dix B explains  the  techniques  required  for  calculation  of  heat  input  from  in- 
wall thermocouple  measurements.  In  addition,  chamber  pressure  and  projectile 
velocity  were  measured  and  the  amount  of  residue  remaining  within  the  fixture 
was  observed  for  each  shot.  Chamber  pressure  was  determined  through  the  use 
of  a piezoelectric  pressure  transducer  and  projectile  velocity  through  con- 
ductive grid  paper  velocity  screens.  Data  are  presented  in  Table  VII.  The 
groupings  are  by  type  of  ammunition.  The  residue  results  are  essentially 
qualitative  but  serve  also  to  indicate  m.  gnitude  of  residue.  The  presence  of 
ignition  delay  was  inferred  from  the  pressure- time  data.  If  the  pressure 
rose  initially,  then  decreased  followed  by  rapid  rise  to  its  peak  value,  an 
ignition  delay  was  said  to  have  occurred.  The  amount  of  pressure  decrease 
was  also  noted. 

Typically,  the  heat  input  from  the  HITP  rounds  is  lower  than  that 
of  the  IMR  rounds.  The  heat  inputs  from  the  Casol  rounds  were  particularly 
low.  The  generally  lower  projectile  velocities  and  increased  residue  of  the 
HITP  rounds  are  both  indicative  of  incomplete  burning  and  may  partially  account 
for  the  reduced  heat  input.  Residue  can  act  as  a barrier  to  heat  flow  to  the 
chamber  walls  thus  lowering  the  net  heat  input.  That  observed  for  the  Casol 
being  well  stuck  to  the  chamber  walls  would  be  especially  effective.  For 
proper  weapon  functioning,  however,  it  is  desirable  that  no  residue  be  pro- 
duced. Elimination  of  residue  for  the  propellants  tested  might  wei 1 be 
expected  to  produce  an  increase  in  chamber  heating.  For  this  reason,  the  heat 
transfer  data  obtained  must  be  viewed  in  this  light  with  conclusions  regarding 
heat  transfer  taken  to  represent  only  the  present  state  of  development. 

Estimates  of  the  number  of  rounds  of  each  propellant  type  which  may 
be  fired  without  cook-off  were  made  based  upon  measured  heat  input  and  cook- 
off data.  It  must  be  realized  that  the  large  amounts  of  residue  noted  for 
certain  of  the  HITP  makes  this  assessment  necessarily  tentative  and  the 
ranking  thus  produced  not  necessarily  representative  of  propellant  accepta- 
bility. In  general,  the  utilization  of  the  actual  measured  heating  data 
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LARGE  AMT.  STUCK  TO  WALL 
LARGE  AMT.  NEARLY  COATING 
ALL  OF  CHAMBER 
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VERY  SMALL  AMT. 
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PROJECTILE 

VELOCITY. 

ft/sec 
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PRESSURE. 
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68.000 
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UNLESS  OTHERWISE  NOTED,  ALL  RESIDUE  WAS  LOCATED  IN  THE  CHAMBER. 

VERY  SHARP  SPIKE  IN  PRESSURE  CURVE  AT  BEGINNING  OF  IGNITION. 

REPORTED  VALUES  ARE  FOR  ROUNDS  WITH  IGNITION  DELAYS.  PRESSURE  ROSE  INITIALLY,  THEN  DECREASED, 
THEN  ROSE  TO  ITS  PEAK  VALUE.  THE  AMOUNT  OF  DECREASE  IS  THE  VALUE  REPORTED  IN  THIS  COLUMN 


without  account  for  insulating  effects  of  residue  leads  to  a maximizing  of  the 
allowable  burst  length  for  each  propellant.  The  extent  of  increase  is  not 
the  same  for  each,  however;  and  elimination  of  residue  might  well  change  the 
order  of  ranking  thus  indicated. 

Cook-off  limit  also  depends  upon  the  particular  weapon  being  con- 
sidered chiefly  because  of  differences  in  mass  in  the  chamber  area  available 
for  absorbing  heat.  Computations  of  allowable  burst  length  were  made  using 
the  Rock  Island-M16  5.56mm  caseless  fixture  firing  at  600  round/min  inasmuch 
as  prior  data  regarding  this  fixture  are  available,  and  it  represents  a typical 
5.56mm  rifle  for  which  comparative  estimates  can  be  meaningful.  Resulting 
estimates  are  shown  in  Table  VIII.  Two  types  of  cook-off  are  considered  and 
are  designated:  1)  short-time  and  2)  long-time  cook-off.  Short-time  cook- 

off is  initiated  prior  to  relieving  of  the  thermal  gradients  within  the  cham- 
ber wall  and  is  a function  of  the  residual  chamber  surface  temperature  at  the 
time  of  initial  propellant  contact.  Long-time  cook-off  is  primarily  a function 
of  the  average  chamber  temperature.  Since  residual  and  average  temperature 
rises  are  approximately  proportional  to  heat  input  and  these  are  given  for 
each  propellant  by  the  test  data,  comparative  temperatures  during  a burst 
of  the  Rock  Island- M16  caseless  rifle  can  be  calculated  for  each  propellant 
type.  The  number  of  rounds  which  can  be  fired  are  then  determined  by  reference 
to  previous  cook-off  temperature  evaluations.  In  the  long-time  cook-off  eva- 
luations, consideration  was  given  to  cook-off:  1)  with  and  2)  without  projec- 

tile heating  effects.  Computations  as  shown  in  Table  VIII  indicate  substantial 
increase  in  allowable  burst  length  using  HITP  compared  with  IMR.  This  is 
especially  evident  in  the  short-time  cook-off  limits  where  as  many  as  three 
times  as  many  rounds  can  be  fired  prior  to  cook-off  conditions.  Long  time 
cook-off  estimates  suggest  more  than  a twofold  increase  using  HITP.  Again, 
one  is  cautioned  against  strict  use  of  the  allowable  burst  length  values  as 
a ranking  of  the  particular  propellants  because  of  the  existence  of  residue. 


Temperature  Predictions 


Heat  transfer  rates  as  they  influence  weapon  temperatures  have 
direct  bearing  upon  both  weapon  design  and  effectiveness  of  the  weapon  system. 
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Weapon  temperature  effects  are  especially  important  where  caseless  ammunition 
is  to  be  utilized.  It  has  been  shown  that  both  cased  and  caseless  ammunition 
are  subject  to  cook-off  given  sufficient  burst  length.  For  caseless  ammuni- 
tion, chamber  wall  temperatures  can  produce  thermally  initiated  ignition  in 
extremely  short  periods  (within  milliseconds)  if  little  regard  is  given  to  heat 
transfer  factors  in  weapon  and/or  ammunition  design.  Optimization  of  weapon- 
ammunition  design  will  be  aided  substantially  by  the  availability  of  a suitable 
model  which  predicts  weapon  temperatures  during  rapid  fire. 


In  Calspan's  work,  some  effort  was  devoted  to  tV  development  and 
test  of  a mathematical  model  which  can  predict  chamber  and  barrel  temperatures 
in  rapid  fire.  For  this  development,  it  has  been  regarded  most  accurate  and 
efficient  to  evaluate  prime  heat  transfer  parameters  by  a combined  experimental - 
analytical  approach  and  to  determine  temperatures  through  computer  simulation 
of  rapid-fire  conditions.  The  total  mathematical  model  consists  of  two  parts. 
The  first  provides  mathematical  anlaysis  of  experimentally  obtained  data  to 
formulate  generalized  heat  transfer  parameters  for  use  in  temperature  compu- 
tations. The  second  applies  these  parameters  in  simulated  rapid  fire  condi- 
tions with  resulting  chamber  and  barrel  temperatures.  To  allow  general 
applicability,  the  two  parts  are  not  directly  linked  in  a single  computer 
routine.  Hence,  either  part  may  be  utilized  without  need  of  the  other. 

Detailed  description  of  the  computer  routines  derived  through  this  effort  is 
given  in  Appendix  A. 


As  an  example  of  accuracy.  Figure  16  shows  a comparison  of  computed 
temperatures  with  measured  values  in  the  vicinity  of  the  stop-shoulder 
during  a S round  burst  of  the  Rock  Island  caseless  fixture.  It  is  evident 
that  the  computer  provides  excellent  prediction  capability  for  use  in  weapon 
design.  One  possible  utilization  of  the  computer  in  design  evaluation  is 
illustrated  in  Figure  17  where  the  effect  of  firing  rate  on  residual  chamber 
temperature  is  explored  for  the  RI-M16  caseless  configuration.  Results 
indicate  that  temperatures  are  much  below  the  cook-off  threshold  of  IMR  4809 
ammunition  in  a 20-round  burst  even  at  a firing  rate  of  900  rounds/min. 
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TEMPERATURE  RISE 


TEMPERATURE  (°F) 


0 300  600  900 


FIRING  RATE  (RDS/MIN) 

Figure  17  COMPARISON  OF  RESIDUAL  IN-WALL  TEMPERATURE  AT  STOP  SHOULDER 
AS  A FUNCTION  OF  FIRING  RATE  AND  NUMBER  OF  ROUNDS  FIRED 
(R1-M16  CASELESS  FIXTURE) 
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Further,  at  600  rounds/min  firing  rate,  computed  temperatures  indicate 
that  about  80  rounds  may  be  fired  without  cook-off  due  to  residual  chamber 
temperature  near  the  stop-shoulder.  This  limit  is  about  equal  to  cook-off 
produced  by  projectile  heating  in  the  barrel  as  discussed  earlier.  It 
appears  therefore,  that  extension  of  burst  length  beyond  the  80  round  limit 
for  IMR  4809  may  require  increase  in  barrel  mass  near  the  projectile  posi- 
tion. A weight  increase  equivalent  to  the  weight  of  about  fifteen  brass 
cases  is  estimated  to  be  required  in  order  to  ultimately  match  the  cook- 
off performance  of  the  M16  rifle.  Hence,  it  is  reasonable  to  expect  a 
lighter  weapon-magazine  combination  when  using  caseless  5.56mm  ammunition 
than  is  currently  in  field  use  in  the  M16  rifle,  provided  that  heat  transfer 
factors  are  addressed.  Through  appropriate  use  of  the  computer  codes 
developed  in  this  work  thermal  evaluations  of  specific  details  of  given  weapon 
designs  may  be  quickly  performed  and,  where  needed,  appropriate  modifica- 
tions examined. 
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IV.  27MM  AMMUNITION 


In  pursuit  of  the  objective  of  evaluating  the  thermal  performance 
of  existing  fixtures  and  ammunition,  firing  tests,  cook-off  tests,  and  analy- 
sis were  conducted  for  27mm  caseless  ammunition.  The  firing  tests  consisted 
of  both  single-shots  and  rapid  fire.  These  firing  tests  were  directed  towards 
evaluating  the  heat  transfer  to  the  firing  fixture.  The  cook-off  tests  were 
directed  towards  evaluating  the  cook-off  susceptability  of  caseless  ammuni- 
tion to  a given  thermal  environment.  Calculation  of  the  thermal  response 
of  a weapon  is  confirmed  by  the  test  data  and  additional  calculations  are 
made  evaluating  test  conditions  that  were  not  actually  fired.  Testing  and 
analysis  of  covered  caseless  ammunition  was  also  conducted  to  obtain  infor- 
mation on  a possible  improvement  in  future  weapons  and  ammunition.  The 
following  section  fully  describes  the  work  performed  on  27mm  caseless  ammuni- 


A. Single-Shot  Tests 

Single-shot  firing  tests  were  conducted  with  27mm  caseless  ammuni- 
tion supplied  by  three  contractors:  Hercules  Incorporated,  Kenvil,  New 

Jersey;  Olin  Corporation,  St.  Marks,  Florida;  and  Aerojet  Ordnance  and  Manu- 
facturing Company,  Downey,  California.  The  single-shot  fixture  was  made  with 
the  same  internal  configuration  as  the  Philco-Ford  CAW-T2  rapid-fire  fixture. 

In  these  tests,  the  following  data  were  obtained:  heat  input  at  six  locations, 

chamber  pressure,  muzzle  pressure,  projectile  velocity,  ignition  delay,  time 
from  ignition  to  muzzle  exit,  and  particle  impacts  on  a target  in  front  of 
the  muzzle.  Heat  inputs  were  determined  through  the  use  of  in-wall  thermo- 
couples located  at  a nominal  0.015  from  the  bore.  The  axial  locations  of 
the  in-wall  thermocouples  are  shown  in  Figure  18.  Appropriate  calculation 
procedures  provide  heat  input  data  from  the  temperatures  recorded  by  the  in- 
wall thermocouples.  Appendix  B explains  the  data  reduction  techniques. 
Piezoelectric  pressure  transducers  were  used  for  pressure  measurements.  The 
chamber  pressure  transducer  was  located  1.140  in.  behind  the  stop-shoulder. 
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Figure  18  INSTRUMENTATION  LOCATIONS  IN  CALSPAN  SINGLE-SHOT  CHAMBER 
SIMULATING  PHILCO-FORD  27MM  CASELESS  FIXTURE,  CAW-T2 
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Ignition  timing  was  determined  through  a combination  of  a switch  on  the 
firing  pin  and  the  start  of  pressure  rise.  Cardboard  witness  sheets  at  4.5 
ft.  in  front  of  the  muzzle  were  used  to  indicate  propellant  or  other  particles 
exiting  from  the  barrel. 

The  Hercules  and  Olin  rounds  use  compression  molded  propellant  made 
by  compacting  conventional  gun  powder  in  the  presence  of  a solvent  binder. 

The  Hercules  rounds  utilize  double  base  cylindrical  grains  and  the  Olin  rounds 
utilize  ball  powder.  The  Hercules  rounds  were  supplied  both  with  and  without 
an  external  coating.  The  Aerojet  round  has  a cast,  monolithic,  multiperforated 
propellant  charge.  In  addition  to  firing  the  rounds  as  supplied,  several 
rounds  were  covered  with  thin  films  to  determine  the  effects  on  performance. 

A total  of  42  uncovered  and  8 covered  rounds  were  fired  in  the  single-shot 
fixture.  The  test  results  are  shown  in  Table  IX.  In  addition,  Olin  and 
Hercules  rounds  covered  in  the  same  manner  as  for  the  rapid-fire  tests  discussed 
in  Section  IV-B,  were  tested  in  the  single  shot  fixture.  These  Calspan- 
covered  rounds  were  developed  under  a separate  Calspan  program  and  the  envi- 
ronmental protection  qualities  were  tested  in  that  program.^  A typical 
covered  round  of  this  type  is  shown  in  Figure  19.  A depth  of  0.090  in.  was 
machined  from  the  outside  of  the  propellant  for  a length  of  1.25  in.  to  reduce 
the  pressure  to  acceptable  levels.  The  sleeve  was  shortened  from  full  length 
to  eliminate  the  residue  problem.  The  results  of  these  covered  round  tests 
are  given  in  Table  X including  comparisons  with  noncovered  rounds  of  the 
same  type. 

An  examination  of  the  test  results  yields  the  following  information: 

1).  The  Hercules  and  Aerojet  rounds  produce  about  the 
same  heating  except  at  the  bolt  face  where  the 
Hercules  heat  input  is  about  half  the  Aerojet  and 
at  the  rear  chamber  position  where  Hercules  is 
about  25  percent  less  than  Aerojet. 


Table  IX 

TEST  RESULTS  - 27MM  CASELESS  AMMUNITION 


Ammunition 

Test 

No. 

Heat  Input  at  Given 

location?  Btu/ft^/rd 

Projectile 
Velocity  at 
2 0ft.,  ft  / sec 

Peak  Muzzle 
Pressure,  psi 

j Muzzle  Preblast 
l Pressure,  psi 

Time  l 
IgnitiOl 
Muzzle 

i 

2 

3 

4 

5 

6 

Pressure, psi 

Aerojet,  Lot  1 

i 

30.0 

- 

- 

50.5 

. 

44.0 

52,  000 

3920 

54  00 

850 

2.  K 

2 

24.5 

32.0 

41. C 

48.0 

- 

33.0 

62,  000 

4120 

5 300 

780 

2.4 

3 

27.0 

31.0 

41.0 

47.0 

55.0 

33.0 

58,  000 

4070 

5700 

760 

2.1 

6 

24.0 

15.5 

27.0 

42.0 

56.5 

31.0 

57,  000 

4075 

5850 

740 

2.  ! 

38 

24.0 

31.6 

33.3 

42.6 

60.0 

68,  000 

4180 

- 

810 

2.1 

39 

22.1 

37.4 

40.5 

46.6 

62.0 

68,  000 

4250 

5140 

580 

2.  j 

40 

22.7 

29.8 

35.8 

37.8 

57.0 

38.0 

66,  000 

- 

4760 

- 

ZA 

Averages 

Em 

EI&l 

35.8 

61, 571 

4102 

5358 

753 

2.  J 

Aerojet,  Lot  2 

16 

■ 

IB 

48.  000 



17 

m 

ESI 

26.8 

58,  000 

3960 

4220 

_ 

2.1 

21 

mra 

E2H 

30.7 

63,  000 

4080 

4040 

_ 

2.  41 

22 

22.1 

33.6 

36.5 

40.5 

55.0 

30.0 

000 

- 

. 

_ 

23 

26.8 

35.8 

38.3 

4 0.0 

58.2 

37.6 

57,  500 

3900 

4820 

600 

2.  J 

24 

21.0 

30.7 

32.7 

37.5 

57.2 

35.2 

51. 000 

- 

_ 

. 

(3. 

25 

22.0 

44.8 

41.2 

43.7 

58.5 

- 

61, 000 

3960 

4950 

880 

(3.4 

26 

21.0 

37.2 

35.0 

38.4 

56.4 

28.4 

- 

4000 

- 

- 

2.61 

30 

16.6 

37.8 

36.2 

43.0 

61.5 

32.0 

61,  000 

3900 

4360 

- 

2.6, 

33 

22.4 

36.2 

36.2 

40.2 

61.8 

* 

- 

401  0 

- 

- 

Averages 

21.5 

33.6 

36.6 

41.0 

58.2 

30.6 

57.  438 

3 96b 

4478 

740 

2.91 

Hercules 

8 

_ 

29.3 

31.7 

_ 

53.5 

12.6 

50,  000 

3940 

BE H 

960 

9 

17.2 

30.1 

33.3 

43.5 

53.2 

15.1 

57,  000 

4050 

1570 

2 7 

17.5 

30.8 

34.0 

42.7 

52.8 

15.2 

54.  000 

4010 

1560 

2 7 

18.1 

31.8 

35.7 

45.2 

57.8 

17.3 

41,  000 

5420 

1200 

? 

18.1 

30.8 

33.8 

4 j.2 

57.8 

16.8 

51, 000 

3950 

4520 

840 

3.  & 

- 

30.9 

35.8 

- 

56.2 

15.8 

48,  000 

3930 

5420 

1920 

3. 

14 

- 

30.8 

37.4 

42.1 

57.0 

14.6 

48,  000 

3950 

4820 

960 

t 1 

15 

31.1 

34.2 

41.8 

55.5 

15.3 

55,  000 

4050 

4520 

- 

nr 

18 

12.2 

31.0 

34.0 

39.4 

53.1 

1 3.7 

54,  000 

4030 

4700 

1140 

ft 

27 

15.6 

34.1 

33.1 

38.8 

54.7 

21.2 

57, 000 

4050 

4400 

760 

ft 

Averages 

16.4 

31.1 

34.3 

42.1 

55.2 

15.8 

51.500 

1212 

MW 

Hercules  with 

19 

14.0 

29.8 

32.3 

39.2 

56.7 

14.7 

53,  000 

4050 

5120 

84  0 

m 

HES  8028 

20 

15.2 

28.2 

29.6 

32.4 

41.2 

20.7 

54,  000 

4080 

4520 

540 

Coating 

28 

14.4 

31.0 

30.0 

37.2 

56.1 

16.2 

65,  000 

4200 

4440 

1 160 

18ft 

29 

14.9 

30.3 

31.8 

38.6 

58.6 

16.4 

54,  000 

4100 

5250 

1750 

50 

12.4 

26.3 

28.7 

38.8 

56.0 

20.0 

52.  000 

4 140 

3940 

87  0 

ft 

Averages 

14.2 

29.1 

30.5 

37.2 

53.  7 

17.6 

55.  600 

4114 

4654 

1032 

ft 

Olin 

34 

HI 

KB 

■ 

60,  000 

4300 

5250 

2.4l 

35 

Efti 

ECO 

58,  000 

4400 

- 

- 

2. 1 

37 

13.1 

26.4 

28.6 

32.5 

45.0 

- 

58,  000 

4380 

| 

- 

2.< 

41 

14.7 

25.6 

26.8 

31.5 

47.0 

19.3 

60.  000 

4440 

5340 

- 

. 

42 

15.5 

27.9 

28.9 

34.0 

47.7 

16.9 

57,  000 

4380 

5400 

870 

Z.‘ 

43 

12.9 

27.7 

29.0 

40.5 

46.0 

18. 1 

58,  000 

4430 

5450 

1450 

2. 

44 

13.1 

26.7 

29.3 

- 

46.4 

1 5.6 

60,  000 

4390 

5280 

1040 

2.1 

47 

13.6 

23.5 

26.4 

35.0 

46.6 

1 5.2 

60.  000 

4360 

4700 

I 160 

Z.' 

48 

15.0 

27.1 

28.6 

34.7 

45.8 

16.8 

57,  000 

4370 

4810 

695 

Z.\ 

49 

12.9 

23.8 

25.8 

33.6 

49.2 

17.6 

60,  000 

4390 

4350 

Z.\ 

Ave  rages 

14.  1 

26.3 

27.8 

33.9 

46.7 

17.  1 

58.  800 

4384 

5072 

104  3 

2-1 

CA  L Covered 

4 

19.0 

6.5 

11.5 

20.0 

46.0 

31.0 

65.  000 

■9 

1100 

z.i 

Rounds*** 

5 

18.5 

22.0 

9.0 

19.0 

46.0 

26.0 

55.  000 

935 

2. 

7 

16.5 

6.0 

5.0 

- 

51.5 

28.0 

49,  000 

5350 

960  . 

2.i 

31 

19.2 

7.3 

10.3 

24.2 

53.1 

21.0 

65,  000 

4660 

990 

2. 

32 

16.9 

8.8 

8.9 

19.6 

51.0 

- 

71. 000 

4150 

* 

2. 

36 

5.2 

3.0 

3.6 

19.5 

47.0 

- 

69,  000 

4510 

5250 

. 

2.' 

45 

14.3 

4.2 

6.4 

- 

47.8 

21.0 

70,  000 

4300 

3880 

810 

2. 

46 

8.4 

10.5 

5.2 

19.5 

55.8 

14.7 

70,  000 

4400 

3770 

1100 

2.' 

► 


Table  IX 

- 27MM  CASELESS  AMMUNITION 


r 

Time  From 

Ignition 

Peak  Muzzle 

1 Muzzle  Preblast 

Ignition  to 

Delay, 

Pressure,  psi 

1 Pressure,  psi 

Muzzle,  msec 

msec 

Observations 

5400 

— 

850 

2.  74 

0.  88 

Large  amount  of  material  striking  witness.  Small 

5300 

780 

2.  44 

1.  17 

amount  of  residue  in  chamber  in  some  tests. 

5700 

760 

2.  75 

0.  43 

5850 

740 

2.  58 

0.  72 

- 

810 

2.  27 

0.  60 

5140 

580 

2.  36 

0.  68 

4760 

- 

2.  64 

0.  60 

5358 

753 

2.  54 

0.  73 

_ 

- 

. 

1.  33 

Large  amount  of  material  impacting  witness. 

4220 

- 

2.  62 

0.  76 

Small  amount  of  residue  in  chamber  in  some  tests. 

4040 

2.  48 

0.  98 

One  round  misfired  even  though  pin  strike  appeared 

- 

- 

0.  58 

satisfactory. 

4820 

2.  56 

1. 05 

- 

(3.  55**) 

. 

4950 

880 

(3.42**) 

- 

- 

2.  60 

0.  72 

4360 

- 

2.  62 

- 

4478 

740 

2.  58 

0.  90 

— 

4820 

960 

3.  06 

0.  94 

Few  propellant  grains  impacting  witness.  Very 

5640 

1 570 

2.  70 

1.21 

small  amount  of  residue  in  chamber 

5420 

1 560 

2.  74 

1. 09 

5420 

1200 

3.  32 

1.46 

4520 

840 

3.  16 

0.  74 

5420 

1920 

3.  24 

1.21 

4820 

Q60 

3.  16 

1. 05 

4520 

- 

2.48 

1. 43 

4700 

2.  95 

0.  66 

4400 

2.  67 

0.  88 

Esrofl 

2.  95 

1. 07 

5120 

Few  propellant  grains  impacting  witness.  Very 

4520 

small  amount  of  residue  in  chamber,  in  some  tests 

4440 

slightly  more  thar.  uncoated. 

5250 

2.  75 

3940 

870 

2.  71 

4654 

1032 

2.  87 

5250 

2.  48 

Few  propellant  grains  impacting  witness. 

. 

- 

2.  77 

- 

- 

2.  42 

5340 

- 

- 

1.15 

5400 

870 

2.42 

1. 40 

5450 

1450 

2.  52 

l.  85 

5280 

1040 

2.  61 

1.  17 

4700 

1 160 

2.  73 

1. 21 

4810 

695 

2.  75 

1. 99 

4350 

- 

2.  50 

1.  17 

5072 

1 04  3 

rv 

i_n 

oc 

1.  51 

mm 

1100 

2.  56 

0.  49 

0.050  in.  x 0.3  in.  and  0.5  in.  dia.  residue  in  chamber. 

cfiM 

935 

2.73 

0.  78 

Very  small  amount  of  residue. 

5350 

960  . 

2.  64 

0.  94 

Large  amount  of  residue  in  barrel. 

4660 

990 

2.  79 

0.  82 

Base  disk  intact,  no  other  residue. 

m 

_ 

2.  61 

0.  74 

Base  disk  intact,  <1  in.  in  chamber,  lg.  amt.  in  barrel. 

5250 

_ 

2.  46 

0.  88 

Large  amount  of  residue  in  barrel. 

3880 

810 

2.  38 

0.  66 

Some  base  disk,  <1  in.2  in  chamb.,  melted  pcs.  on  witness. 

3770 

1 100 

2.  42 

0.  58 

Large  amount  in  barrel. 

53 


NOTES  TO  TABLE  IX 


♦See  Figure  18  for  locations. 

♦♦Time  from  pin  strike  to  muzzle. 

♦ ♦♦Covered  rounds  consisted  of  the  following: 


Test  No.  4: 

Aerojet,  lot  No.  2,  covered  with  a single  0.  004  in. 
polyester  shoulder  cap  and  a single  full-length 
0.  007  in.  polyester  sleeve. 

Test  No.  5: 

Aerojet,  lot  No.  2,  covered  with  a double  thickness 
polyester  shoulder  cap  and  a single  full-length  poly- 
ester sleeve. 

Test  No.  7: 

Aerojet,  lot  No.  2,  covered  with  a double  thickness 
polyester  shoulder  cap  and  a double  thickness  full- 
length  polyester  sleeve. 

Test  No.  31: 

Aerojet,  lot  No.  2,  completely  covered  with  0.  001  - 
0.  002  in.  polyethylene,  a full-length  polyester  sleeve, 
and  a 0.  016  in.  acetate  shoulder  cap. 

Test  No.  32; 

Same  as  Test  No.  31. 

Test  No.  36: 

Olin  covered  with  the  same  as  Test  No.  31. 

Test  No.  45: 

Hercules  covered  with  the  same  as  Test  No.  31. 

Test  No.  46: 

Hercules  with  HES  8028  coating  covered  with  the  same 
as  Test  No.  31. 

(HERCULES  AND  OLIN  AMMUNITION) 


See  Figure  18  for  exact  locations 


' . ....  ”' 


2) .  The  Olin  rounds  have  less  heat  input  at  nearly  every 

location  compared  to  any  of  the  other  uncovered 
rounds--an  average  of  26  percent  less  than  Aerojet, 
lot  No.  2,  and  16  percent  ’ess  than  the  Hercules. 

3) .  The  Olin  rounds  have  significantly  higher  velocity 

than  any  other  rounds,  and  the  peak  chamber  pressure 
is  higher  than  any  rounds  except  Aerojet,  lot  No.  1. 
Therefore,  the  lower  heating  rate  of  the  Olin  rounds 
is  not  at  the  expense  of  ballistic  performance. 

4) .  All  of  the  rounds  have  about  the  same  time  from  pro- 

pellant ignition  until  the  projectile  reaches  the 
muzzle. 

5) .  The  Olin  rounds  have  the  longest  ignition  delays  of 

any  of  the  rounds . 

6)  . The  readability  of  the  peak  muzzle  pressure  and 

muzzle  preblast  pressure  measurements  is  not  ade- 
quate to  assess  v lether  these  results  in  Table  IX 
are  real  or  are  only  variations  in  readability. 

7) .  The  Aerojet  rounds  produced  considerably  more  debris 

exiting  from  the  muzzle  than  the  other  rounds. 

8)  . The  Calspan  covered  rounds  typically  produce  sig- 

nificantly reduced  heat  inputs  in  the  chamber  com- 
pared with  uncovered  rounds.  The  largest  reductions 
without  residue  were  of  the  order  of  30  to  SO  percent. 

9)  . Hercules  HES  8028  coating  on  Hercules  rounds  reduces 

heating  somewhat  at  all  chamber  locations  except 
at  the  bolt  face.  Average  reduction  is  6.7  percent. 

Before  the  above  information  can  be  fully  evaluated,  cook-off  test 
results  must  be  compared.  Cook-off  characteristics  of  each  propellant  are 
evaluated  in  Section  IV-C.  Also,  comparisons  made  between  uncovered  rounds 
may  not  apply  to  covered  rounds.  Sections  IV-D-4  and  5 combines  the  heat 
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1^. Rapid-Fire  Tests 

Rapid-fire  tests  were  conducted  with  27mm  caseless  ammunition  to 
further  delineate  the  heat  transfer  characteristics  in  rapid-fire.  The  testing 
was  conducted  by  Philco-Ford  Corporation,  Newport  Beach,  California,  in  their 
CAIV-T2  27mm  caseless  fixture.  Thermal  instrumentation  and  data  reduction  were 
furnished  by  Calspan.  The  test  ammunition  was  the  same  as  that  used  in  the 
single-shot  tests;  i.e.,  supplied  by  Hercules  Incorporated,  Olin  Corporation, 
and  Aerojet  Ordnance  and  Manufacturing  Company.  Also  tested  were  Calspan- 
covered  versions  of  the  same  rounds.  The  coverings  were  applied  to  reduce 
the  heating  of  the  fixture  and  to  reduce  the  heat  transfer  back  from  the  fixture 
to  the  propellant.  Thermal  instrumentation  consisted  of  six  in-wall  thermo- 
couples at  locations  shown  in  Figure  20  and  external  thermocouples  on  the 
barrel  at  distances  of  17  in.  and  41  in.  from  the  origin  of  rifling.  The 
in-wall  thermocouples  were  located  at  0.010  in.  to  0.020  in.  from  the  bore. 

The  thermal  instrumentation  was  utilized  to  determine  the  heat  input  from  the 
ammunition  and  the  residual  temperatures  within  the  chamber.  Residual  tempera- 
ture is  the  temperature  at  the  bore  surface  at  the  time  the  succeeding  shot 
is  fired.  Data  reduction  techniques  for  the  in-wall  thermocouples  are  des- 
cribed in  Appendix  B. 

The  Cal  span-covered  rounds  were  developed  under  another  Calspan 
program  and  their  environmental  protection  qualities  were  tested  in  that  pro- 
gram. ^ The  portion  of  the  work  reported  herein  includes  the  rapid-fire  of  the 
covered  rounds.  A typical  covered  round  is  shown  in  Figure  19.  Results  of 
single-shot  tests  with  these  rounds  are  given  in  Table  X.  All  of  the  rounds 
were  covered  in  the  same  manner  but  the  1.57  in.  diameter  was  not  machined 
on  the  Aerojet  rounds.  The  machining  was  determined  to  be  necessary  for  the 
Hercules  and  Olin  rounds  to  reduce  peak  chamber  pressures  as  a result  of 
single-shot  tests.  Machining  of  the  Aerojet  rounds  was  not  considered  feasible 
because  of  the  construction  of  the  round,  i.e.,  a single,  multiperforated  grain. 

The  in-wall  temperature  measurements  of  the  longest  instrumented 
bursts  of  noncovered  Aerojet,  Hercules,  and  Olin  rounds  are  shown  in  Figures 
21,  22,  and  23,  respectively.  The  number  of  rounds  fired  for  each  type  of 
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e 23  IN-WALL  TEMPERATURES  DURING  A 15  ROUND  BURST  OF  OLIN  AMMUNITION  IN  THE 
PHILCO-FORD  CAW-T2  AUTOMATIC  27  MM  FIXTURE 


round  varied  because  of  malfunctions  during  the  test  program.  The  in-wall 
thermocouple  at  the  neck  position  did  not  respond  as  expected  perhaps  because 
it  may  have  been  further  away  from  the  bore  than  the  other  in-wall  thermocouples. 
Data  from  this  location  are  not  as  important  as  at  the  chamber  locations  because 
propellant  does  not  contact  the  neck  and  therefore  the  neck  does  not  enter 
into  cook-off  considerations.  Consequently,  no  corrective  action  was  taken 
during  the  test  program  and  the  neck  in-wall  thermocouple  data  are  not  reported. 

A 10-round  burst  of  Aerojet  ammunition  was  the  maximum  obtained 

(Figure  21).  The  11th  round  did  not  fire  normally  but  ignited  after  9.55  sec. 

The  relatively  long  time  before  ignition  indicates  a cook-off  due  to  average 

temperature.  For  all  of  the  ammunition  types,  the  low  rate  of  temperature 

rise  at  the  rear  of  seal  position  is  caused  by  axial  conduction  in  the  chamber 

wall  and  indicates  no  appreciable  gas  past  the  main  seal.  The  heat  inputs  at 

2 

the  17  in.  and  41  in.  barrel  positions  were  48  and  32  Btu/ft  /rd,  respectively. 

A full,  25  round  burst  of  Hercules  ammunition  was  fired  (Figure  22). 

For  the  Hercules  ammunition,  the  heat  input  at  the  17  in.  barrel  position  was 

2 2 
42  Btu/ft  /rd  and  at  the  41  in.  barrel  position  it  was  27  Btu/ft  /rd.  During 

the  burst,  there  were  four  delayed  firings,  as  are  evident  in  the  temperature 
data  after  rounds  19,  21,  22,  and  23.  The  temperature  data  give  no  indication 
that  cook-off  occurred  near  any  of  the  in-wall  thermocouple  locations.  If 
there  had  been  a cook-off  near  one  of  these  locations,  the  in-wall  thermocouple 
would  be  expected  to  show  a slow  temperature  rise  while  the  burning  begins. 

This  slow  temperature  rise  for  cook-off  rounds  has  been  noted  in  5.56mm  case- 
less ammunition  tests  (Figure  10).  There  may  have  been  a cook-off  at  an 
uninstrumented  location,  or  the  delayed  ignitions  may  have  occurred  for  a reason 
not  associated  with  cook-off.  Section  IV-D-4  discusses  possible  uninstrumented 
cook-off  locations. 

The  maximum  burst  length  for  the  Olin  ammunition  was  15  rounds.  The 
gun  stopped  firing  after  the  fifteenth  round  and  an  ammunition  fire  consumed  the 
remaining  rounds.  No  heating  was  noted  at  any  instrumented  location  for  13 
sec  after  firing  ended,  indicating  that  there  was  no  cook-off  at  any  instru- 
mented location  within  this  time.  Section  IV-D-4  discusses  a possible  origin 

64 


L 


\ 


i 


2 

for  this  fire.  Barrel  heating  was  34  Btu/ft  /rd  at  the  17  in.  position  and 

2 

17  Btu/ft  /rd  at  the  41  in.  position. 

A comparison  of  cook-off  performance  of  each  of  the  27mm  rounds  at 
instrumented  locations  can  be  made  from  the  burst  temperature  data  that  have 
been  presented.  Table  XI  lists  stop-shoulder  temperature  data  after  firing 
10  rounds  of  each  type  of  ammunition.  The  stop-shoulder  data  were  chosen  for 
comparison  purposes  because  this  is  the  highest  temperature  location  in  con- 
tact with  propellant  and  therefore  the  likely  site  of  cook-off.  The  data 
were  obtained  at  different  firing  rates  which  must  be  adjusted  for  valid  compari- 
sons. A higher  firing  rate  produces  higher  residual  temperatures,  other  fac- 
tors being  the  same.  For  full  comparison  of  rounds,  the  cook-off  characteris- 
tics of  each  propellant  must  be  known.  Cook-off  characteristics  are  reported 
in  Section  IV-C  of  this  report  and  further  comparisons  of  the  rounds  are 
included  in  Section  IV-D. 

In-wall  temperature  histories  for  Cal  span-covered  rounds  are  pre- 
sented in  Figures  24,  25,  and  26.  Figure  24  is  for  a 7 round  burst  of  covered 
Aerojet  ammunition.  Figure  25  is  for  a 10  round  burst  of  covered  Hercules 
ammunition  and  Figure  26  is  for  a 9 round  burst  of  covered  Olin  ammunition. 

Each  of  these  figures  represents  the  longest  burst  fired  with  the  respective 
covered  ammunition. 


A comparison  of  residual  temperatures  for  covered  and  uncovered 
ammunition  is  presented  in  Table  XII.  The  table  is  a comparison  of  raw  data, 
and  complete  interpretation  is  hampered  by  the  fact  that  the  firing  rates 
were  not  precisely  the  same  for  all  types  of  ammunition,  as  indicated  by  the 
firing  time  noted  in  the  table.  Also,  the  round-to-round  variation  in 
heating,  especially  by  covered  rounds,  as  evidenced  by  the  figures  indicates 
that  more  rounds  must  be  fired  to  obtain  valid  average  temperature  data. 
However,  it  is  clear  that  the  coverings  have  significantly  reduced  heating  at 
all  covered  locations.  (The  rear  chamber  location  does  not  have  any  covering 
over  it  and  does  not  show  any  significant  change  in  heating.)  Of  course,  in 
addition,  the  coverings  tend  to  insulate  the  propellant  from  the  chamber  walls, 
further  reducing  the  possibility  of  cook-off.  This  will  be  discussed  further 
in  Section  IV-D-4. 


RAPID-FIRE  TEST  DATA  AT  STOP-SHOULDER  AFTER  10  ROUNDS 


Ammunition 

Residual 

Temperature^ 

F 

Average 
Firing  Rate, 
rds/min 

Single -Shot 
Heat  Innut,  * 
Btu/ft2 

Aerojet 

550 

325 

41.0 

Hercules 

505 

260 

42.  1 

Olin 

405 

278 

33.9 

*Table  IX. 
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An  additional  comparison  of  covered  and  noncovered  ammunition  has 
been  made.  The  heat  input  for  the  first  round  of  every  burst  fired  with  the 
covered  rounds  was  evaluated  from  in-wall  temperature  data.  (The  equations 
relating  in-wall  temperatures  to  heat  inputs  are  not  valid  after  the  first 
round  of  a burst.)  As  a comparison  of  the  instrumentation  in  the  CAW-T2  and 
in  the  Calspan  single-shot  fixture,  data  were  also  reduced  for  the  first  round 
of  bursts  that  were  fired  with  uncovered  Hercules  ammunition  during  the  same 
series  of  tests.  The  data  obtained  in  the  CAW-T2  and  single-shot  fixtures 
were  in  agrement  except  at  two  locations,  the  mid-chamber  and  the  neck.  The 
data  obtained  in  the  single-shot  fixture  were  higher  at  both  of  these  locations. 
The  in-wall  thermocouple  locations  were  not  exactly  the  same  in  the  automatic 
and  single-shot  fixtures  and  therefore  a smooth  curve  was  drawn  through  the 
heat  input  data  for  comparison  purposes.  The  heat  input  at  the  neck  is  not 
pertinent  to  the  present  discussion  of  heat  reductions  due  to  coverings 
because  coverings  do  not  affect  heating  at  the  neck.  Therefore,  heat  input 
data  at  the  neck  are  not  presented  here.  Heat  input  data  at  the  mid-chamber 
are  presented  with  the  caution  that  the  uncovered  round  measurements  in  the 
same  series  of  tests  were  lower  than  measurements  in  the  single-shot  fixture. 

The  heat  input  data  for  each  of  the  covered  round  types  are  presented 
in  Table  XIII.  It  may  be  noted  that  there  is  considerable  round  to  round 
variation  in  the  heat  inputs  from  covered  roup  ’ 3 as  has  been  noted  in  previous 
testing.  This  is  probably  due  to  differences  in  the  amount  of  time  that  the 
coverings  remain  insulating  the  chamber.  The  coverings  did  not  extend  to  the 
rear  chamber  location  and  therefore  were  not  expected  to  have  an  effect  at 
this  location.  In  fact,  for  two  of  the  ammunition  types,  the  heat  input  actually 
increased  compared  with  the  single-shot  data.  There  also  appear  to  be  large 
differences  between  the  different  ammunition  types  but  this  may  be  at  least 
partially  due  to  the  relatively  small  sample  size.  It  is  again  evident,  though, 
that  coverings  reduce  heating  a significant  amount  as  was  found  from  the  com- 
parison of  residual  temperatures.  The  net  result  of  the  various  comparisons 
that  have  been  made  on  the  basis  of  rather  limited  testing  of  covered  rounds 
is  that  significant  reductions  in  heating  were  obtained  although  there  were 
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TABLE  XII I 


FIRST  ROUND  HEAT  INPUT  DATA  FOR  CALS PAN -COVE RED  AMMUNITION 
IN  CAIV-T2  27MM  AUTOMAT iC  FIXTURE 


Ammunit ion 

2 

Heat  Input,  Btu/ft 

Test  c- 

No.  £ 

V. 

Shoulder 

Front 

Chamber 

Mid- 

Chamber 

Pear 

Chamber 

Calspan-Covered 

Aerojet 

181-1 

14 

16 

13 

24 

181-2 

18 

10 

9 

21 

181-3 

13 

10 

11 

20 

181-4 

31 

17 

8 

20 

181-5 

14 

8 

10 

21 

182 

23 

16 

10 

22 

183 

10 

12 

9 

22 

184 

25 

13 

12 

24 

1S5 

10 

16 

10 

23 

186 

29 

10 

13 

25 

Avg . 

19 

13 

10 

22 

Covered  Round 


6 Reduction  of 
Covered  Round 


Calspan-Covered 
01  in 


175-1 

17 

11 

12 

175-2 

19 

14 

10 

175-3 

20 

17 

. 

175-4 

24 

9 

15 

175-5 

19 

9 

10 

176 

21 

10 

12 

177 

19 

14 

9 

180 

23 

11 

13 

lOf increase) 


Calspan-Covered 

Hercules 

172 

30 

21 

19 

18 

173 

51 

22 

18 

16 

174-1 

35 

22 

18 

16 

174-2 

34 

28 

19 

17 

174-3 

31 

4~  *_ 

IS 

15 

\ 

174-4 

27 

21 

19 

15 

189 

j.3 

22 

21 

18 

> 

< 

73 

32 

23 

19 

16 

7(increase) 


% Reduction  of 
Covered  Round 

35  57  54  1 

RMRMs trr- 





precise  magnitude  of  reduction  that  would  be 
s not  known. 


Cook-Off  Tests 
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fj 

II 
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c. 


Cook-off  (autoignition)  of  caseless  propellant  may  be  due  to  either 
one  or  two  basic  mechanisms.  The  cook-off  may  be  due  to  contact  with  the  hot 
but  rapidly  cooling  interior  chamber  surface  temperature  that  is  present 
following  a rapid-fire  burst.  The  inside  surface  temperature  at  the  time  of 
insertion  of  the  next  round  in  the  burst  is  called  the  residual  temperature. 
Cook-off  may  also  be  caused  by  the  overall  average  temperature  across  the 
wall  thickness  at  the  end  of  a burst.  Cook-off  due  to  the  average  tempera- 
ture is  called  long-time  cook-off.  At  the  end  of  a burst  the  temperature  in 
contac1-  with  a chambered  round  is  the  residual  temperature  which  then  equili- 
brates to  the  average  temperature.  For  cased  ammunition,  the  case  isolates 
the  propellant  from  the  residual  temperature  and  cook-off  due  to  average 
temperature  is  the  only  type  possible.  Similarly  for  covered  caseless  ammuni- 
tion, cook-off  tends  to  be  only  a function  of  the  average  temperature. 


I 


I 


Cook-off  of  caseless  propellants  due  to  residual  temperatures  were 
determined  using  a specially  constructed  test  device,  discussed  earlier  in 
Section  III,  B-2.  This  device  allows  the  simulation  of  the  hot  but  rapidly 
cooling  chamber  wall  contacted  by  a caseless  round  during  rapid  firing. 


Several  tests  were  conducted  at  different  test  temperatures  and  visual 
note  made  of  whether  the  propellant  burned  completely  or  began  to  burn  and 
then  quenched  or  did  not  burn  at  all.  Table  XIV  gives  the  minimum  tempera- 
tures at  which  the  propellant  combustion  was  not  quenched,  i.e.,  at  higher 
temperatures  the  propellant  could  continue  to  burn  and  at  lower  temperatures 
the  burning  would  stop  or  never  even  start. 


The  materials  are  listed  in  Table  XIV  in  order  of  increasing  cook- 
off temperatures.  The  first  three  types  (Hercules,  Olin,  and  Aerojet)  repre- 
sent samples  taken  from  the  main  body  of  as-received  rounds  with  the  outside 
surface  of  the  propellant  in  contact  with  the  hot  test  surface  in  every  test. 
Samples  of  IMR  4809  were  molded  to  provide  a comparison  with  a standard  pro- 
pellant which  has  been  studied  extensively  as  a small  caliber  caseless  pro- 
pellant. Two  plastic  coverings  were  also  tested  on  the  IMR  4809  with  the 
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TABLE  XIV 


MINIMUM  COOK-OFF  TEMPERATURE  OF  PROPELLANTS 
IN  CONTACT  WITH  STEEL  SURFACE  COOLING  AT  250*F/SEC 


Type 

Hercules  (No  Covering) 

Olin  (No  Covering) 

Aerojet  (No  Covering) 

IMR  4809  (No  Covering) 

IMR  4809  + 0.0008  in.  Mylar  Covering 
Hercules  + HES  8028  Covering 
Aerojet  Stop-Shoulder  M«iterial 
IMR  4809  + 0.010  in.  Acetate  Butyrate 


Minimum  Cook-Off 
Temperature,  * F 

490 

515 

545 

565 

565 

577 

665 


825 


covering  towards  the  hot  surface.  The  Hercules  + HES  8028  coating  samples 
were  taken  from  rounds  of  this  configuration  supplied  by  Hercules  and  were 
tested  with  the  HES  8028  coating  in  contact  with  the  hot  surface.  The  Aero- 

Ijet  rounds  have  a stop-shoulder  made  of  a different  material  than  the  main 
body  of  the  round,  and  these  were  tested  separately. 

1 

Long-time  cook-off  tests  were  conducted  by  placing  propellant  samples 
on  a steel  plate  at  a known  temperature  and  the  time  to  cook-off  measured. 

The  results  of  these  tests  are  shown  in  Figures  27,  28,  and  29.  As  in  all 
cook-off  tests,  there  is  considerable  variation  between  the  results  for  speci- 
fic samples.  However,  the  minimum  expected  cook-off  times  must  be  the  impor- 
tant consideration  if  cook-off  prevention  is  essential.  These  minimum  cook- 
off values  are  estimated  by  the  curves  on  the  figures.  Instances  in  which 
no  cook-off  was  observed  are  also  shown  by  designation  on  each  figure.  Each 
of  the  curves  appear  to  approach  a temperature  below  which  cook-off  does  not 
occur.  The  longest  test  times  are  of  the  same  order  as  the  times  that  a gun 
chamber  would  remain  at  elevated  temperature  at  the  conclusion  of  firing. 
Therefore,  these  temperatures  define  the  long-time  cook-off  limits.  For  the 
several  propellants,  the  values  of  the  long  time  cook-off  limits  are  taken 
from  the  figures  to  be  as  listed  in  Table  XV. 
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e 26  IN-WAlL  TEMPERATURES  DURING  A 9 ROUND  BURST  OF  COVERED  OLIN 
AMMUNITION  IN  THE  PHILCO-FORD  CAW-T2  AUTOMATIC  27  MM  FIXTURE 


COOK-OFF  TIME,  SEC 


4-4--H 


TIME,  SEC. 


Table  XV 


I 


LONG-TIME  COOK-OFF  LIMITS 


Aerojet  Sidewall  Material  375 
i erojet  Stop- Shoulder  Material  350 
Hercules  Without  HES  8028  Coating  375 
Hercules  With  HES  8028  Coating  350 
Olin  360 


The  cook-off  temperature  limits  determined  in  this  section  will  be 
utilized  along  with  heat  input  measurements  of  the  previous  sections  to  pre- 
dict burst  lengths  without  cook-off  in  Section  IV-D-4  of  this  report. 
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EC Thermal  Evaluations 

In  this  section,  the  heat  input  parameters  necessary  for  calculation 
of  temperatures  occurring  during  rapid-fire  are  presented.  These  are  then  used 
to  calculate  rapid-fire  conditions  duplicating  the  rapid-fire  tests  in  the  CAW- 
T2  and  comparisons  are  made  with  measurements.  Calculations  are  then  made 
for  other  firing  conditions  and  cook-off  limits  are  predicted.  Calculations 
for  covered  ammunition  are  included. 

1.  Heat  Transfer  Parameters 

Calculations  based  on  single-shot  data  were  made  of  the  factors 
relevant  to  heat  transfer.  The  calculation  procedure  is  given  in  Appendix  A. 
The  calculations  were  performed  on  an  IBM  370/168  computer.  The  measurement 
locations  in  the  single-shot  and  the  rapid-fire  fixtures,  were  not  precisely 
the  same.  Therefore,  any  calculations  made  using  single-shot  measurements  for 
calculating  rapid-fire  conditions  were  adjusted  to  the  rapid-fire  locations  by 
a smooth  curve  through  the  single-shot  data.  Figures  30,  31,  and  32  present 
the  calculated  propellant  gas  temperature  and  projectile  velocity  and  measured 
chamber  pressures  for  Aerojet,  Hercules,  and  Olin  ammunition,  respectively. 

The  computed  heat  transfer  coefficients  at  the  origin  of  rifling,  stop- 
shoulder,  and  mid-chamber  are  given  in  Figures  33,  34,  and  35. 

2.  Comparisons  Between  Measured  and  Calculated  Temperatures 

Using  the  heat  transfer  parameters  calculated  above,  temperatures 
at  the  stop- shoulder  and  neck  of  the  CAW-T2  while  firing  Hercules  ammunition 
were  calculated.  Comparisons  of  the  calculated  and  measured  temperatures  are 
shown  in  Figures  36  and  37  . These  curves  are  plots  of  the  residual  tempera- 
tures which  are  the  temperatures  on  the  inside  surface  at  the  time  the  next 
round  is  ready  to  be  fired.  The  curves  indicate  very  good  agreement  between 
the  measured  and  calculated  temperatures,  especially  considering  the  lack  of 
precise  knowledge  of  the  thermal  properties  of  the  gun  steels  and  the  round- 
to-round  variation  in  heating,  as  evidenced  by  the  non-smooth  si  ape  of  the 
measured  curves.  The  stop-shoulder  is  also  a particularly  difficult  location 
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TIME,  MSEC 

PROPELLANT  GAS  TEMPERATURE,  CHAMBER  PRESSURE,  AND  PROJECTILE 
VELOCITY  AS  A FUNCTION  OF  TIME  FOR  OLIN  27  MM  CASELESS 
AMMUNITION 


COMPUTED  HEAT  TRANSFER  COEFFICIENTS  IN  THE  PHILCO  FORD  CAW-T2 
AUTOMATIC  27  MM  FIXTURE,  AEROJET  AMMUNITION 


Figure  35  COMPUTED  HEAT  TRANSFER  COEFFICIENTS  IN  THE  PHI LCO  FORD 
CAW-T2  AUTOMATIC  27  MM  FIXTURE,  OLIN  AMMUNITION 


COMPARISON  OF  MEASURED  AND  CALCULATED  RESIDUAL  TEMPERATURES  AT 
STOP  SHOULDER  OF  CAW-T2  27  MM  AUTOMATIC  FIXTURE,  HERCULES  AMMUNITION 


to  calculate  because  of  the  changing  cross  section  at  this  location  with 
attendant  axial  conduction.  These  plots  then  tend  to  confirm  the  adequacy 
of  the  calculation  procedure.  The  calculation  procedure  has  also  agreed  quite 
well  with  measured  results  for  other  fixtures.  For  example,  agreement  is  good 
for  5.56mm  ammunition  as  presented  in  Section  III-B-6. 

3.  Weapon  Thermal  Conductivity  Effects 


One  of  the  variables  related  to  weapon  heating  over  which  the  weapon 
designer  has  some  control  is  the  thermal  conductivity  of  the  weapon.  Calcula- 
tions were  made  of  the  effects  of  chamber  material  thermal  conductivity  on 
chamber  temperatures.  For  these  calculations,  the  heat  transfer  coefficients 
and  propellant  gas  temperatures  were  taken  to  be  independent  of  chamber 
material.  The  coefficients  and  gas  temperatures  used  were  those  established 
for  previous  calculations  of  stop-shoulder  temperatures  when  firing  27mm 
Frankford  Arsenal  ammunition  reported  in  Reference  2.  These  inputs  are  different 
from  those  of  the  ammunitions  studied  in  this  report  but  for  general  considera- 
tion of  the  effects  of  tnermal  conductivity  the  calculations  are  valid.  The 
chamber  outside  diameter  in  all  calculations  was  3.6  inches.  Figure  38  shows 
the  effect  of  a wide  range  of  thermal  conductivity  values  (corresponding 
approximately  from  ceramics  to  aluminum)  on  the  expected  peak  and  residual 
internal  surface  temperatures  during  40-round  bursts  at  600  rpm.  Clearly, 
increasing  thermal  conductivity  produces  a substantial  lowering  of  residual 
temperatures.  On  the  other  hand,  there  is  a general  increase  in  chamber  ave- 
rage temperature  with  increasing  conductivity  as  shown  in  Figure  39.  This 
increased  average  temperature  results  from  an  increased  internal  heat  load 
due  to  lower  residual  temperatures.  This  is  shown  in  Figure  40. 

Cook-off  can  be  produced  in  the  chamber  by  virtue  of  either  high 
residual  temperature  or  high  average  temperature.  High  residual  temperatures 
tend  to  produce  short-time  cook-off  (measured  in  tenths  of  seconds).  High 
average  temperatures  tend  to  produce  long-time  cook-off  (measured  in  seconds 
or  minutes).  Therefore,  in  situations  where  short-time  cook-off  can  be  avoided 
entirely,  say  by  noncontact  of  the  propellant  with  the  chamber  walls,  or  by 
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Figure  38  CALCULATED  EFFECT  OF  THERMAL  CONDUCTIVITY  ON  INTERNAL 
SURFACE  TEMPERATURE  AT  THE  STOP  SHOULDER  OF  A 27  MM 
CASELESS  CHAMBER  DURING  A 40  ROUND  BURST 


TEMPERATURE  - 


K - 100  8 BTU/FT  -HR  °F 


TIME  - SEC 


! 

Figure  39  CALCULATED  EFFECT  OF  THERMAL  CONDUCTIVITY  ON  AVERAGE  STOP 
SHOULDER  TEMPERATURE  FOR  A 27  MM  CASELESS  CHAMBER  DURING 
A 40  ROUND  BURST 


NO.  OF  ROUNDS 

Figure  40  CALCULATED  EFFECT  OF  THERMAL  CONDUCTIVITY  ON  HEAT  INPUT  TO  STOP 
SHOULDER  FOR  A 27  MM  CASELESS  CHAMBER  DURING  A 40  ROUND  BURST 
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using  multiple  chambers,  the  lower  thermal  conductivity  chamber  materials 
can  be  superior.  Where  contact  of  the  propellant  to  the  chamber  walls  cannot 
be  avoided  and  extended  burst  firing  is  desired,  the  higher  thermal  conducti- 
vity materials  can  be  superior.  Burst  length  requirements  and  mission -time- 
supply  govern  selection  of  chamber  material  for  best  cook-off  performance. 

The  effectiveness  of  coatings  for  preventing  short-time  cook-off  also  has  a 
large  influence  on  the  final  selection  of  chamber  material.  Future  ammuni- 
tion coating  development  may  lead  to  practical  use  of  very  low  thermal  con- 
ductivity chamber  materials.  It  must  be  recognized,  however,  that  the  primary 
gain  in  the  use  of  low  thermal  conductivity  chamber  materials  is  a lowering 
of  chamber  average  temperature  which  may  also  be  obtained  by  use  of  ammunition 
coverings  and/or  increase  of  chamber  mass. 

Calculations  were  also  made  of  temperatures  in  chambers  internally 
coated  with  materials  with  several  different  thermal  conductivities  and  thick- 
nesses. Figure  41  shows  the  residual  and  average  temperatures  for  a coating 
thickness  of  0.020  in.  and  thermal  conductivities  varying  from  a ceramic  (1.2 
Btu/ft  hr  °F)  to  copper  (226  Btu/ft  hr  °F) . Figure  42  shows  the  heat  input 
for  the  same  circumstances.  Increasing  heat  inputs  are  in  order  of  increasing 
conductivities,  but  residual  temperatures  do  not  follow  any  order  of  conduc- 
tivities. The  residual  temperatures  after  25  rounds  as  a function  of  conduc- 
tivity are  shown  in  Figure  43.  The  residual  temperature  reaches  a minimum  at 
a conductivity  of  about  7 Btu/ft.  hr.  °F,  but  this  residual  is  only  about  70°F 
less  than  a homogeneous  chamber  made  of  barrel  steel  (conductivity  = 25.2 
Btu/ft  hr  °F) . The  copper  coating  exhibits  a higher  residual  temperature 
than  the  barrel  steel  because  the  beneficial  effect  of  increased  heat  conduction 
away  from  the  surface  is  overridden  by  the  increased  heat  input  to  the  copper. 

Figure  44  shows  the  effect  of  increasing  the  thickness  of  copper  coat- 
ing on  the  residual  temperature.  Increased  thickness  decreases  residual  tempera- 
tures. However,  a coating  of  even  0.100  in.  thickness  gives  a residual  tempera- 
ture after  25  rounds  only  30°F  less  than  barrel  steel.  The  heat  inputs  for  the 
same  thicknesses  are  shown  in  Figure  45.  The  indication  from  the  calculations 
is  that  it  does  not  appear  worthwhile  to  pursue  the  use  of  chamber  coatings  as 
a means  of  substantially  reducing  residual  temperatures,  thereby  reducing  cook- 
off potential. 
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Figure  41  EFFECT  OF  COATING  THERMAL  CONP'JCTIVITY  ON  RESIDUAL  AND 
AVERAGE  TEMPERATURES  AT  THE  STOP  SHOULDER  DURING  A 
25  ROUND  BURST  (27  MM,  600  RDS/MIN) 


Figure  43  EFFECT  OF  COATING  THERMAL  CONDUCTIVITY  ON  RESIDUAL 
TEMPERATURE  AT  STOP  SHOULDER  AFTER  25  ROUNDS  (27  MM 
600  RDS/MIN 
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Cook-Off  Limits 
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Because  the  CAW-T2  is  designed  as  an  open  bolt  weapon,  cook-off  can 
not  occur  during  normal  operation.  However,  if  there  is  a weapon  stoppage 
due  to  malfunction  with  a round  in  contact  with  portions  of  the  fixture,  a 
cook-off  is  a possibility.  During  the  development  testing,  such  ccok-offs 
have  occurred. 

The  stop-shoulder  and  bolt  cavity  temperatures  are  of  particular 
importance  from  the  standpoint  of  propellant  cook-off  because  the  stop-shoulder 
has  the  highest  heat  input  of  any  area  contacted  by  propellant  and  the  bolt 
cavity  has  a low  mass  per  unit  area.  The  high  heat  input  results  in  high 
residual  temperatures  and  the  low  mass  per  unit  area  results  in  high  average 
temperatures . 

Special  considerations  must  be  given  to  the  most  sensitive  cook-off 
areas  of  the  Aerojet  round  because  the  sidewall  material  of  this  ammunition 
is  of  different  composition  than  the  stop-shoulder  and  has  a lower  cook-off 
temperature.  The  cook-off  limit  due  to  residual  temperatures  for  the  sidewall 
material  of  the  Aerojet  round  is  545°F  compared  with  665°F  for  the  stop-shoulder 
material  (Table  XIV).  However,  because  the  sidewall  heating  is  less,  the 
temperatures  are  also  less.  The  maximum  residual  sidewall  temperature  after 
firing  10  rounds  was  420°F  (Figure  21).  This  is  1 25°F  less  than  the  545°F 
cook-off  temperature.  The  residual  stop- shoulder  temperature  after  10  rounds 
was  550°F  (Figure  21)  which  is  115°F  less  than  its  bb5°F  cook-off  limit.  That 
is,  the  temperature  was  closer  to  the  cook-off  limit  at  the  stop-shoulder  than 
at  the  sidewall.  Also,  the  residual  temperature  was  increasing  more  rapidly 
at  the  stop-shoulder  than  at  tie  sidewall.  Therefore,  cook-off  conditions 
will  be  reached  at  the  stop-shoulder  before  the  sidewall  of  the  Aerojet  round. 
For  the  other  rounds,  the  sidewalls  and  stop-shoulders  are  of  the  same  material, 
and  the  temperature  rise  is  griatest  at  the  stop-shoulder.  Therefore,  the  stop- 
shoulder  temperatures  will  limit  the  burst  length  due  to  cook-off  from  residual 
temperatures . 
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Calculated  stop-shoulder  temperatures  for  the  three  ammunitions  are 
given  in  Figure  46.  All  of  the  calculations  were  for  the  same  firing  rate  to 
permit  direct  comparison  of  temperatures.  The  Figure  also  indicates  the  cook- 
off limits  for  each  of  the  rounds  based  on  data  presented  in  Table  XIV.  The 
calculations  indicate  that  at  the  firing  rate  of  270  rds/mirv  stop-shoulder 
cook-off  conditions  prevail  after  12  rounds  for  Hercules  ammunition,  22  rounds 
for  Olin  ammunition,  and  25  rounds  for  Aerojet  ammunition. 

The  comparison  of  cook-off  limits  among  the  three  ammunition  types 
is  not  in  disagreement  with  the  relative  order  of  ranking  of  the  ammunition 
types  based  on  rapid-fire  data.  Table  XVI  repeats  the  stop-shoulder  tempera- 
tures after  10  rounds  given  previously  in  Table  XI  for  the  three  ammunitions 
and  adds  the  cook-off  temperatures  given  in  Table  XIV.  The  data  were  obtained 
at  different  firing  rates  which  must  be  adjusted  for  valid  comparisons  A 
higher  firing  rate  produces  higher  residual  temperatures,  other  factors  being 
the  same.  Hercules  ammunition  is,  therefore,  the  most  susceptible  to  reaching 
cook-off  temperatures  at  the  stop-shoulder  because  this  ammunition  was  fired 
at  the  lowest  rate  and  was  the  only  one  to  exceed  the  cook-off  temperature  in 
10  rounds.  Adjusting  the  firing  rate  of  the  Aerojet  test  to  that  of  the  Olin 
test  suggests  that  the  Aerojet  ammunition  has  a cook-off  limit  at  the  stop- 
shoulder  slightly  better  than  the  Olin  ammunition.  These  comparisons  are  in 
general  agreement  with  Figure  46. 

Because  the  bolt  cavity  has  a low  mass  per  unit  area  compared  with 
other  parts  of  the  chamber,  it  may  be  expected  to  be  the  site  of  severe  cook- 
off problems.  No  heat  input  measurements  were  made  along  the  sidewalls  of  the 
bolt  cavity  but  measurements  were  made  at  the  rear  chamber  position.  These  are 
believed  to  be  more  representative  of  the  sidewalls  of  the  bolt  cavity  than 
the  bolt  face  measurements.  Therefore,  calculations  were  made  of  the  average 
bolt  cavity  temperatures  based  on  the  heat  input  data  for  the  rear  chamber 
position.  The  resulting  temperatures  are  given  in  Figure  47.  The  long-time 
cook-off  limits  are  also  shown  in  the  Figure  as  taken  from  Table  XV.  This 
calculation  indicates  that  bolt  cavity  cook-off  would  occur  after  10  rounds 
of  Aerojet  ammunition,  14  rounds  of  Hercules  ammunition,  and  17  rounds  of  Olin 
ammunition. 
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TABLE  XVI 


RAPID-FIRE  TEST  DATA  AT  STOP-SHOULDER  AFTER  10  ROUNDS 


A* 

Ammunition 

Residual 
Tempe  rature, 

*F 

Average 
Firing  Rate, 
rds/min 

Cook-Off  + 
1 Temperature, 

*F 

Aerojet 

550 

325 

665 

Hercules 

505 

260 

1 

490 

Olin 

405 

278 

515 

1 

1 

i 

Single -Shot 
Heat  Input* 


Minimum  cook-off  temperature  of  propellants  in  contact  with  steel  surface 
cooling  at  250*  F/ sec,  Table  XIV. 


j **T able  IX. 


ROUNDS  FIRED 

Figure  47  CALCULATED  AVERAGE  BOLT  CAVITY  TEMPERATURES  IN  27  MM 
CAW  T2  FIXTURE.  270  RDS/MIN 
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Figure  4b  gives  the  cook-off  conditions  at  the  stop-shoulder  for 
each  ammunition  type.  The  shortest  possible  cook-off  limit  would  occur  at 
the  least  number  of  rounds  to  cook-off  either  at  the  stop-shoulder  or  bolt 
cavity.  Taking  thc^e  values  from  Figures  46  and  47,  the  resulting  cook-off 
limits  are:  Aerojet,  10  rounds;  Hercules,  12  rounds;  and  01  in,  17  rounds. 

These  cook-off  limits  represent  the  calculation  of  the  least  number  of  rounds 
at  which  cook-off  could  occur  if  a round  were  left  chambered  at  the  end  of 
the  burst.  After  firing  these  numbers  of  rounds,  a hazardous  condition  may 
exist.  However,  under  certain  circumstances  cook-off  may  not  occur.  Of 
course,  i f no  propellant  were  exposed  to  the  hot  surfaces,  there  could  be 
no  cook-off.  This  is  the  desire  in  an  open  bolt  weapon  but  a malfunction  may 
negate  this  safety  feature.  Also,  short-time  cook-off,  i.e.,  at  the  stop- 
shoulder,  requires  good  thermal  contact.  Even  a relatively  small  amount  of 
insulation  or  space  between  the  stop- shoulder  and  the  propellant  would  allow 
the  stop-shoulder  to  cool  significantly  before  the  propellant  were  heated  to 
cook-off  temperature  thereby  preventing  cook-off.  This  is  not  true  for  long- 
time (bolt  cavity)  cook-off  because  the  average  temperature  remains  at  cook- 
off levels  for  a relatively  long  timc--long  enough  to  conduct  across  considerable 
insulation  or  air  gap.  This  also  indicates  that  coverings  may  provide  signi- 
ficant cook-off  improvement  at  the  stop- shoulder  but  not  at  the  bolt  cavity. 

The  primary  influence  of  coverings  on  bolt  cavity  cook-off  would  be  in  the 
reduction  of  heat  input  to  the  bolt  during  firing.  Coverings  are  discussed 
later  in  this  section. 

Several  cook-offs  have  occurred  during  the  rapid-fire  testing.  After 
ID,  21,  22,  and  23  rounds  of  Hercules  ammunition,  delayed  firings  were  noted 
(Figure  22).  These  firings  arc  believed  to  be  cook-offs  after  misfires  because 
the  firing  pin  probably  would  not  have  had  sufficient  impact  energy  it  it  had 
been  delayed  as  long  as  the  temperature  records  show.  Cook-off  after  these 
numbers  of  rounds  could  have  occurred  either  at  the  stop-shoulder  or  the  bolt 
cavity  according  to  the  calculations.  However,  the  temperature  data  give  no 
indication  that  stop-shoulder  cook-off  occurred.  If  there  had  been  cook-off 
at  the  stop-shoulder,  the  in-wall  thermocouple  would  be  expected  to  show  a 
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slow  temperature  rise  while  the  burning  begins.  This  slow  temperature  rise  has 
been  noted  in  5.56mm  caseless  ammunition  tests  (Figure  10).  No  such  indica- 
tion of  cook-off  occurred  in  the  27mm  Hercules  ammunition  test.  It  is,  there- 
fore, postulated  that  poor  thermal  contact  existed  at  the  stop- shoulder  and 
that  cook-off  occurred  at  the  uninstrumented  bolt  cavity  location. 

At  9.55  sec  after  a 10  round  burst  of  Aerojet  ammunition,  an  ignition 
occurred  (Figure  21).  The  eleventh  round  was  chambered  with  the  bolt  partially 
locked.  The  time  interval  before  cook-off  indicates  a cook-off  due  to  average 
temperature.  The  calculations  indicate  that  bolt  cavity  temperatures  should 
have  been  just  capable  of  causing  cook-off  after  10  rounds  (Figure  47). 

After  a 15  round  burst  of  Olin  ammunition,  a fire  occurred  which 

consumed  the  remaining  10  rounds  in  the  feeder.  In  this  test  an  over  feed 

caused  the  gun  stoppage.  No  heating  was  noted  at  any  instrumented  location 

for  13  sec  after  the  gun  stoppage  indicating  that  there  was  no  cook-off  at 

any  of  these  locations  within  this  time.  The  calculations  of  cook-off  limits 

indicate  that  cook-off  could  not  occur  until  17  rounds  (Figure  47).  The  bolt 

of  the  CAW-T2  contains  a seal  around  its  outside  surface  (Figure  20).  This 

seal  is  exposed  to  hot  gases  during  heating  and  has  a very  low  mass  per  unit 

area  and,  therefore,  could  be  expected  to  heat  very  rapidly  during  a burst. 

During  normal  operation,  the  seal  does  not  contact  propellant.  However, 

during  an  overfeed  the  propellant  may  contact  the  seal  and  an  ignition  could 

result.  This  type  of  ignition  has  also  been  noted  in  other  tests  without 

thermal  instrumentation  and  one  such  test  was  photographed  with  high  speed 
9 

movies.  Evidently,  bolt  seal  cook-off  is  an  additional  type  of  cook-off 
that  must  be  protected  against,  presumably  by  better  round  control  during 
feeding. 


5.  Covered  Caseless  Ammunition 

In  this  section  of  the  report,  temperatures  at  the  stop-shoulder 
of  the  CAW-T2  27mm  caseless  fixture  firing  covered  ammunition  were  calculated 
for  comparison  with  temperatures  while  firing  uncovered  ammunition.  The 
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average  heat  reductions  measured  for  covered  ammunition  in  the  CAW-T2  as 
given  in  Table  XIII  were  used  in  the  calculations.  There  vas  considerable 
round-to-round  variation  in  the  heating  of  covered  rounds  so  that  the  average 
values  used  may  not  precisely  represent  a true  average  value  because  of  the 
relatively  small  sample  size.  However,  the  calculations  based  on  average 
values  should  give  an  indication  of  the  temperature  reductions  that  can  be 
expected  while  firing  covered  ammunition.  The  coverings  were  applied  by 
Calspan  to  rounds  supplied  by  Aerojet,  Hercules,  and  Olin.  The  co-.erings 
consisted  of  a 0.018  in.  thick  cellulose-acetate-butyrate  zap  over  the  stop- 
shoulder  and  a 0.007  in.  thick  mylar  sleeve  extending  1.9  in.  back  from  the 
stop-shoulder.  Figure  19  is  a drawing  of  the  covered  round.  The  knob  on 
the  rear  of  the  round  was  not  covered,  and  therefore,  other  corrective  mea- 
sures, such  as  a special  knob  covering  or  elimination  of  the  knob,  would  be 
required  to  prevent  cook-off  in  the  bolt  cavity.  The  present  calculations 
are  concerned  only  with  the  stop-shoulder. 

The  calculated  stop-shoulder  temperatures  are  shown  in  Figures  48, 
49,  and  50  for  both  covered  and  uncovered  versions  of  the  three  types  of 
rounds.  Temperatures  were  calculated  for  50-round  bursts  of  covered  ammuni- 
tion and  25-round  bursts  of  uncovered  ammunition.  These  calculated  tempera- 
tures are  in  general  agreement  with  temperatures  measured  in  rapid  fire  to  the 
end  of  the  burst  although  firing  rates  varied  in  the  tests  causing  differences 
and,  particularly  for  the  covered  rounds,  round  to  round  variations  make 
comparisons  difficult.  Therefore,  the  curves  of  Figures  48,  49,  and  50  may 
be  used  as  a more  convenient  source  of  comparison  than  the  measured  tempera- 
tures. In  addition,  longer  bursts  were  calculated  than  could  be  fired. 

The  residual  and  average  temperatures  are  the  important  temperatures 
from  the  standpoint  of  number  of  rounds  that  may  be  fired  without  a cook-off 
possibility.  For  uncovered  rounds,  cook-off  at  the  stop-shoulder  will  occur 
first  because  of  the  residual  temperature.  Cook-off  of  uncovered  rounds  was 
discussed  in  the  preceding  section.  For  covered  ammunition,  it  was  shown 
in  Reference  2 that  cook-off  due  to  residual  temperatures  could  effectively 
be  eliminated  by  the  insulation  of  the  propellant  from  the  hot  chamber  walls. 


107 


TEMPERATURE. 


UNCOVERED  ROUNDS 
COVERED  ROUNDS 
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ROUNDS  FIRED 

Figure  48  CALCULATED  STOP  SHOULDER  TEMPERATURES  FOR  27  MM  AEROJET 
CASELESS  AMMUNITION  IN  CAW  T2  FIXTURE,  270  RDS/MIN 
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Figure  49  CALCULATED  STOP-SHOULDER  TEMPERATURES  FOR  27  MM  HERCULES 
CASELESS  AMMUNITION  IN  CAW-T2  FIXTURE,  270  RDS/MIN 
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Figure  50  CALCULATED  STOP-SHOULDER  TEMPERATURES  FOR  27  MM  OLIN 
CASELESS  AMMUNITION  IN  CAW-T2  FIXTURE,  270  RDS/MIN 
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With  cook-off  due  to  residual  temperature  eliminated  for  covered  rounds,  cook- 
off due  to  average  temperature  becomes  the  sole  cook-off  criterion. 

The  average  (i.e.,  long-time)  cook-off  temperature  limits  are  given 
in  Table  XV.  The  values  are  350  F for  Aerojet  rounds,  375°F  for  Hercules 
rounds,  and  360°F  for  01 in  rounds.  None  of  the  average  temperatures  have 
reached  these  cook-off  limits  in  the  calculated  50-round  bursts  of  Figures 
48,  49,  and  50.  The  number  of  rounds  required  for  cook-off  can  be  estimated 
by  extrapolation  of  the  average  temperature  curves  in  the  figures.  The 
results  of  such  an  extrapolation  are  given  in  Table  XVII  along  with  uncovered 
round  cook-off  data  presented  in  the  previous  section.  The  data  in  Table 
XVII  indicate  the  substantial  improvement  in  stop-shoulder  cook-off  limits 
that  can  be  obtained  with  coverings.  The  cook-off  limits  are  comparable  to 
the  number  of  rounds  per  chamber  that  may  be  fired  without  cook-off  in  a cased 
gun  of  about  the  same  caliber. 


Ill 


TABLE  XVII 


STOP-SHOULDER  COOK-OFF  DATA  FOR  COVERED  AND  UNCOVERED 

27 MM  CASELESS  AMMUNITION 


r 

Round 

Type 

Short-Time 
Cook-Off 
Temp.,  “F 

Long-Time 
Cook-Off 
Temp.,  * F 

No.  of  Rds. 
to  Cook-Off 

Cook-Off 

Type 

Aerojet 

665 

350 

25 

Short-Time 

Covered  Aerojet 

>1000 

350 

124 

Long-Time 

Hercules 

490 

375 

12 

Short-Time 

Covered  Hercules 

>1000 

375 

80 

Long-Time 

Olin 

515 

360 

22 

Short-Time 

Covered  Olin 

>1  000 

— 

360 

120 

Long-Time 
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INTRODUCTION 


Heat  transfer  rates  as  they  influence  weapon  temperatures  have  direct 
bearing  upon  both  weapon  design  and  effectiveness  of  the  weapon  system. 

Heat  transfer  effects  are  especially  important  where  caseless  ammunition 
is  utilized.  Chamber  wall  temperatures  can  produce  thermally  initiated 
firings  (cook-off)  in  extremely  short  periods  (within  milliseconds)  if  little 
regard  is  given  to  heat  transfer  factors  in  weapon  and/or  ammunition  des  ign. 
Through  continuing  efforts  in  this  study  program,  methods  by  which  heat 
transfer  factors  can  be  taken  into  account  are  under  investigation.  In  this 
work  it  has  been  regarded  most  accurate  and  efficient  to  evaluate  the  prime 
heat  transfer  parameters  by  a combined  experimental-analytical  approach 
and  to  evaluate  influences  through  computer  simulation  of  rapid  fire  conditions. 
The  following  sections  deal  with  computer  models  presently  in  use  at  this 
laboratory  for  these  evaluations.  Section  I describes  the  experimental- 
analytical  approach  by  which  heat  transfer  parameters  are  obtained  through 
computer  calculations.  Section  II  discusses  application  of  these  parameters 
to  simulated  rapid  fire  through  a computer  routine.  To  allow  more  general 
application,  the  two  computer  routines  are  not  directly  linked.  Hence,  they 
are  treated  separately  in  the  report. 
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I.  HEAT  TRANSFER  COEFFICIENT  AND  PROPELLANT  GAS  TEMPERATURE 

The  purpose  of  the  heat  transfer  coefficient  (HTC)  computer  program 
is  to  convert  experimentally  determined  single-shot  heat  transfer  and  ballis- 
tics information  to  a form  compatible  with  the  requirements  of  the  composite 
cylindrical  conduction  rout  ne  discussed  in  Section  II.  Prime  output  infor- 
mation from  the  HTC  routine  is  therefore: 

1.  A heat  transfer  coefficient  history  at  each  selected  chamber 
and  barrel  point  of  interest. 

2.  A propellant  gas  temperature  history  at  each  corresponding 
po : nt . 

Secondary  output  information  is: 

1.  The  projectile  velocity  within  the  barrel. 

2.  The  projectile  position  in  the  bar-el. 


The  input  information  consists  of  thermophysical  constants,  gun 
geometry,  and  experimentally  determined  test  data.  The  thermophysical 
constants  are  the  adiabatic  flame  temperature;  the  gas  constant;  the  specific 
heat,  density,  and  thermal  conductivity  of  the  barrel  material;  the  specific 
heat  at  constant  volume  for  the  propellant  gas;  the  specific  co-volume  of  the 
gas;  and  the  ratio  of  specific  heats  of  the  gas.  The  geometric  constants  are 
the  inner  and  outer  radn  and  position  from  the  origin  of  rifling  for  each 
selected  position  of  interest,  the  chamber  length  and  volume,  and  the  length 
of  the  barrel.  The  experimentally  determined  input  data  consist  of  a breech 
pres  sure-time  tabulation,  the  projectile  weight,  the  weight  of  charge,  the 
muzzle  velocity,  the  t ime-to-muzzle,  and  sufficient  information  to  allow 
determination  of  the  total  heat  input  per  unit  area  as  discussed  under  sub- 
section B,  Total  Heat  Input. 

A.  Projectile  Velocity  and  Position 

The  projectile  velocity  and  position  within  the  barrel  is  estimated  by 
impulse-momentum  considerations.  Motion  of  the  projectile  is  considered 
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to  be  governed  by  the  relation 
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P Adt  - F 
s 


mV(t) 


(1) 


where 

Pg  is  the  base  pressure  on  the  projectile, 

A is  the  base  area  of  the  projectile, 

m is  the  mass  of  the  projectile. 

F is  a frictional  restraining  force, 

t is  the  time  after  pressure  increase, 

V is  the  projectile  velocity. 


The  base  pressure  is  taken  to  be  a constant  fraction  of  the  input  breech  pres- 
sure as  given  by  the  LaGrange  corrections* 


P 

s 


(2) 


where 

Pg  is  the  breech  pressure, 

wq  is  the  charge  weight, 

w is  the  projectile  weight. 

P 

Because  the  breech  pressure  is  known  as  an  input  parameter  as  well  as 
muzzle  time,  muzzle  velocity,  and  barrel  length,  one  can  determine  the 
value  of  F required  to  achieve  the  correct  muzzle  velocity  at  the  input  muz- 
zle time.  Hence, 


where 

V 

m 

t 
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is  the  muzzle  velocity, 
is  the  muzzle  time. 


(3) 


See  Ref. 


1.  p.  219. 
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Once  a value  of  F has  been  established,  the  estimated  projectile  velocity  as 
a function  of  time  is  obtained  from  Equation  1. 


The  projectile  position  within  the  barrel  (distance  traveled)  is  esti- 
mated by  integration  of  the  projectile  velocity  history.  Integration  to  the 
muzzle  time  should  result  in  the  correct  barrel  length.  Because  there  is 
likely  to  be  more  error  in  the  input  muzzle  time  than  in  the  input  barrel 
length,  any  discrepancy  between  projectile  travel  at  the  muzzle  time  and 
barrel  length  is  taken  to  be  error  in  input  muzzle  time.  For  this  reason, 
the  muzzle  time  is  adjusted  by  the  ratio 

‘mo  = ‘m  [ 1 + ~ l)  I 


where 

tni0  1S  corrected  muzzle  time, 

s.  is  the  projectile  travel  at  time  t , 

m 

L is  the  barrel  length. 

Values  of  F.  V(t),  and  projectile  position,  s,  are  then  recalculated.  This 
iteration  is  continued  until  the  calculated  projectile  travel  at  the  muzzle  time 
agrees  to  within  a specified  fraction  of  the  input  barrel  length.  Because  the 
above  calculation  is  dependent  for  the  most  part  on  the  barrel  length  and 
muzzle  velocity,  significant  error  ir.  the  input  muzzle  time  may  be  tolerated. 
In  fact,  a mere  estimate  of  the  time-to-muzzle  of 


will  result  in  adequate  convergence. 


(5) 


B.  Total  Heat  Input 

At  eight  selected  chamber  and  barrel  points  of  interest,  information 
relative  to  total  heat  input  per  unit  internal  area  must  be  given.  This  com- 
puter routine  can  accept  three  types  of  heat  input  indicators: 

1.  Direct  specification  of  total  heat  input  per  unit  area  per  round. 
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2.  The  measured  external  barrel  temperature  rise  p >r  shot  at 
any  point  of  interest. 

3.  The  measured  temperature  at  a time  greater  than  50  tm 
given  by  an  in-depth  thermocouple  placed  within  0.015  in.  of 
the  inner  (bore)  surface. 

Direct  specificatior.  of  the  total  heat  input  per  unit  area  at  points  of 
interest  along  the  chamber  or  bore  requires  no  computation  by  the  machine. 
These  input  values  are  used  directly  in  subsequent  calculations.  Of  course, 
heat  input  values  are  generally  not  directly  evaluated  experimentally,  but 
this  input  format  allows  previously  determined  heat  input  values  to  be  used 
if  desired. 


The  total  heat  input  to  the  bore  (or  chamber)  per  unit  internal  area 
is  determined  by  the  computer  using  experimentally  determined  temperature 
information  of  types  2 and  3 above.  V/here  the  barrel  wall  is  thin,  for 
example,  at  locations  near  the  muzzle,  total  heat  input  per  square  foot  per 
round  can  be  obtained  through  simple  external  barrel  temperature  measure- 
ments and  the  relation 


w cp  (R22-  R]2  )*T 

( 27TRj  + 2N£) 


(6) 


where 

Qjn  is  the  total  heat  input  per  square  foot  per  round  - Btu/ft  -rd, 
is  the  heat  capacity  of  the  barrel  material  per  unit  volume  - 
Btu/ft3*  F, 
is  the  outer  radius, 

Rj  is  the  inner  radius  measured  to  the  midpoint  of  the  land  and 
groove, 

N is  the  number  of  rifling  projections, 

£.  is  the  rifling  projection  height, 

AT  is  the  external  barrel  temperature  rise. 

122 


I 


I 


-i 


When  C p,  R^.  Rj.  N,  £,  and  AT  are  input  for  any  station,  Q.^  is  calculated 
using  Equation  6. 


At  locations  wh  re  the  barrel  is  thick,  for  example,  within  or  at  a 
short  distance  from  the  breech,  axial  conduction  effects  will  limit  tl  a applica- 
bility of  the  simple  external  temperature  measurements  for  determination 
of  Q-n-  At  these  locations,  in-depth  thermocouples  placed  a short  distance 
from  the  bore  surface  can  be  effective  in  determining  the  bore  heat  input. 

As  described  in  the  appendix,  the  heat  input  is  given  by 


AT(V 

rkC/°  eo  W[T 


in  which  additional  terms  are: 

k is  the  thermal  conductivity  of  the  barrel  material, 

AT(0o)  is  the  in-depth  temperature  rise  at  time,  0Q, 

0O  is  the  time  after  firing, 

t}(Rj)  is  a correction  factor  for  radius  as  given  in  the  appendix. 

In  general,  the  in-depth  thermocouples  should  be  within  0.015  in.  of  the 
bore  surface,  and  the  time,  0O,  at  which  AT(0o)  is  measured  should  be  beyond 
50  t . The  in-depth  technique  operates  most  accurately  where  barrel  thick- 
ness is  great.  Refer  to  the  appendix  for  details  of  the  method.  WhenAT(0Q) 
at  corresponding  time,  0O,  is  input  to  the  machine,  Q.^  is  calculated  using 
Equation  7. 

C.  Estimated  Propellant  Gas  Temperature 

The  propellant  gas  temperature  while  the  projectile  is  in  the  bore  can 
be  estimated  once  the  projectile  position  and  total  heat  loss  have  been  deter- 
mined. The  propellant  gas  temperature  is  obtained  by  combining  an  equation 
of  state  for  the  gad  with  the  energy  equation.  The  state  equation,  taken  from 
Ref.  1 , and  selected  for  computational  purposes  is 

T - Pm  lAs  + Vch  - (spv)w0]  (8) 

g Rf 
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in  which 


is  the  propellant  gas  temperature  - * R, 
is  the  chamber  volume, 

is  the  average  of  the  specific  co-volume  of  the  propellant 

gas  and  solid, 

is  the  gas  constant, 

is  the  amount  of  propellant  burned, 

is  the  space  mean  pressure  behind  the  shot. 


The  energy  equation  is  taken  as 


is  the  total  heat  loss  to  the  chamber  walls  up  to  time,  t, 
is  the  work  done  on  the  projectile  up  to  time,  t, 
is  the  specific  heat  of  the  propellant  gas  at  constant  volume 
is  the  adiabatic  flame  temperature. 


Eliminating  the  amount  of  propellant  burned  by  simultaneous  solution  of 
Equations  8,  9,  and  10,  one  gets 


r- 


as  a function  of  time  is  approximated  by  taking  area-time  percentages  of  the 
total  heat  input,  Q.n>  calculated  earlier.  The  work  done  by  the  gas  on  the 
projectile  is  determined  by  summing  the  product  of  average  force  on  the 
projectile  and  distance  traveled,  i.  e.  , 
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After  the  projectile  has  left  the  barrel,  it  is  assumed  that  the  remaining 
gas  exhausts  from  the  barrel  in  an  adiabatic  expansion  with  acoustic  velocity 
at  the  muzzle.  The  pressure  decay  in  this  period  is  obtained  by  use  of  the 
simplified  relation*  2K 

in 

(13) 


P = P 
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where 
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2(Vrh  + AL) 
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and 


T^m  is  the  propellant  gas  temperature  at  the  muzzle  time, 

P„  is  the  breech  pressure  at  the  muzzle  time. 

Bm  r 


The  propellant  gas  temperature  decay  is  then  obtained  using 

K - 1 

i / / 
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;/Tgm  ~ (Pb/PBiti  ) 
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(15) 


D.  Estimated  Heat  Transfer  Coefficient  Histories 

Effective  heat  transfer  coefficients  at  chamber  and  barrel  positions 
for  which  heat  input  information  is  given  are  estimated  by  an  iterative  technique 

Ijt 

Modified  form  of  the  Hugoniot  relation  given  in  Ref.  1. 
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which  results  in  the  correct  single-shot  heat  input.  The  heat  transfer  coef- 
ficient is  defined  as 

u /tv  - q(t) 

V ° ~ fT  (t)  - T (t)j  (: 


where 

h (t)  is  the  heat  transfer  coefficient, 

g 

q(t)  is  the  heat  flux  to  a surface  of  temperature  T , 

T (t)  is  the  propellant  gas  temperature, 
g 

Tw(t)  is  the  temperature  of  the  surface  absorbing  q(t). 

The  heat  transfer  coefficient  is  assumed  to  follow  the  form  for  tube  flow,  or 


hg(t)  = ( Xgi^gillR j 


in  which 


Kg  is  the  thermal  conductivity  of  the  propellant  gas, 

M-g  is  the  dynamic  viscosity  of  the  propellant  gas, 

Vg(t)  is  the  gas  velocity, 

yOg  is  the  gas  density, 

D is  the  tube  diameter, 

C,n  are  constants. 

Further,  the  ratio  K /u  n is  taken  to  remain  constant  throughout  the  tern- 

g g 

perature  range  of  interest*.  Hence,  one  can  write 


hg(t)  = B(Vg(-y<5(t) 


in  which  B is  a lumped  coefficient  to  be  established  using  the  known  heat  input 
information. 


This  assumption  is  in  keeping  with  the  desire  for  a simplified  distributional 
fit  of  measured  data.  Little  would  be  gained  by  specification  of  a variation  of 
K /nn  with  temperature, 
g g 


126 


T 


Combining  Equations  16  and  18  and  integrating  over  the  period 
0 to  oo,  one  gets 


.03 
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or 
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T (t)  - T (t)|  dt 

g w 1 


(20) 


in  which 

Q.^  is  the  total  heat  input  previously  computed. 


The  numerical  integration  implied  by  Equation  20  cannot  be  allowed 
to  proceed  to  infinity  in  time.  An  estimate  of  the  total  heat  input  period  is 
needed  to  allow  limited  numerical  calculation  of  the  definite  integral.  Equa- 
tions 13,  14,  and  15  can  be  utilized  to  obtain  a reasonable  estimate  of  the 
heating  period.  Because  the  heat'  transfer  coefficient  is  influenced  primarily 
by  the  pressure,  calculations  extending  through  the  time  period  in  which 
pressure  has  decayed  to  a small  percentage  of  the  peak  breech  pressure  will 
be  adequate  for  evaluation  of  the  integral.  Generalizing  typical  propellant 
properties  as 

K « 1.25 


R a 65 


ft  -lb 

Tb^R 


T*  » 5000°  R 
A 
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and  taking  a 100:1  pressure  decay,  Equation  15  indicates  a temperature  decay 
of  at  least  2.5:1.  Hence,  is  no  more  than  2000*  R.  Since  the  pressure 
decay  is  exponential,  a good  approximation  of  the  average  gas  temperature 
during  the  pressure  decay  is  3000*  R.  Utilizing  this  value  in  the  evaluation 
of  Z of  Equation  14  and  solving  Equation  13  for  t - t (taken  to  be  the  final 
time  of  interest),  one  gets 


= 2.85  x 10 


-3  Vr 


+ AL 


Integration  should  extend  at  least  to  this  period.  With  VCH>  A,  and  L expressed 
in  feet,  t^  is  in  seconds. 


For  any  location  in  the  chamber  or  barrel  at  which  a total  heat  input 

is  known,  a value  of  B can  be  established  for  any  selected  n*.  Because  the 

variation  of  the  wall  temperature  with  time,  Tw(t),  is  unknown  and  depends 

upon  the  value  of  B,  an  iterative  technique  is  used  to  determine  B.  In  the 

computer  solution,  an  initial  value  of  B is  determined  by  assuming  Tw(t)  = 

TWq  = constant**.  Given  this  initial  selection  of  B,  the  first  approximation 

of  h_(t)  can  be  obtained  using  Equation  C3  with  V assumed  to  vary  linearly 
® & 
from  0 at  the  breech  to  the  projectile  velocity  at  its  position  in  the  barrel  (or 

acoustic  velocity  after  the  projectile  exits  the  muzzle).  Once  the  first 
approximation  of  h^(t)  has  been  established,  it  is  necessary  to  determine 
whether  this  coefficient  (and  gas  temperature)  produces  the  same  heat  transfer 
as  that  actually  measured  in  the  experiment  (Q.^).  For  this  determination, 
a numerical  one -dimensional  heat  condu<  tion  subroutine  (slab  routine)  similar 
in  structure  to  the  cylindrical  conduct’ jn  routine  is  used.  The  numerical 
method  employed  divides  the  barrel  p >sition  of  interest  into  a number  of  differ- 
ential elements  to  which  heat  input  bated  upon  the  above  heat  transfer  coeffic- 
ients and  gas  temperatures  is  applied  (cf.  Ref.  2).  Calculation  of  temperature 
rise  with  time  at  each  element  is  performed  in  differential  time  steps  during 
the  heating  period  of  interest.  At  the  completion  of  the  heating  period,  the 
f 

Values  of  n may  range  from  0 to  1.0.  Comparison  of  results  with  experiment 
indicates  a selection  of  n = 0.5  to  give  good  agreement. 

TWo  is  the  initial  wall  temperature  at  which  the  experimental  heat  input 
parameters  were  obtained. 
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total  heat  into  the  slab  per  unit  area  is  computed.  If  the  calculated  heat  input 
does  not  agree  to  within  a specified  fraction  of  Q.  , the  value  of  B is  adjusted 
by  the  ratio  of  Q.^  to  the  calculated  heat  input;  new  coefficients  are  formed; 
and  the  slab  routine  is  re-entered.  This  iteration  continues  until  agreement 
is  obtained. 

The  output  of  the  program  consists  of  projectile  velocity,  projectile 
position,  and  breech  pressure  as  a function  of  time.  In  addition,  at  each 
axial  position,  heat  transfer  coefficient  and  propellant  gas  temperature  arrays 
are  printed  with  corresponding  time  arrays.  The  heat  input  per  unit  area 
and  the  maximum  single-shot  surface  temperature  at  the  various  axial  posi- 
tions, along  with  the  computed  value  of  B for  each  position,  are  also  given. 

E.  Input  Format 

The  above  relations  have  been  organized  into  a complete  computer 
program  written  for  use  with  the  IBM  360/65  computer.  In  order  to  apply 
the  program  to  evaluate  measured  data,  suitable  input  information  must  be 
supplied  and  in  the  correct  format.  Pages  149  and  150  show  the  master  input 
format  and  input  card  organization  for  use  with  the  program.  A description 
of  inputs  is  as  follows. 

Card  1.  Title  card. 

Card  2.  A.  The  adiabatic  flame  temperature  of  the  propellant 
gas,  *R,  taken  from  the  literature  for  the  particular 
propellant  used  in  the  experiment. 

B.  The  initial  weight  of  charge  used  in  the  experiment 
- lbs. 

C.  The  approximate  chamber  volume  in  cubic  inches. 

D.  The  gas  constant  for  the  propellant  in  ft-lb/lb-*R, 
taken  from  the  literature. 

E.  The  initial  wall  temperature  of  the  barrel  in  the 
experiment  - * R. 
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F.  The  measured  muzzle  velocity  - ft/sec. 

G.  The  approximate  chamber  length  - in. 

H.  The  barrel  length  - in. 

Card  3.  A.  The  final  time  or  time  of  interest.  (This  is  the 
effective  heat  input  period.  It  should  be  estimated 
by  Equation  21.  ) 

B.  The  gun's  specific  heat  is  the  specific  heat  of  the 
barrel  material  in  Btu/lb-*R. 

C.  Barrel  material  density  - lb/ft^. 

D.  Muzzle  exit  time  - sec.  (If  this  is  not  known,  take 
it  as  twice  the  barrel  length  divided  by  muzzle  velocity.) 

E.  Correlation  exponent,  n.  Although  selection  is 
arbitrary,  a value  of  0.5  is  considered  most  appropriate. 

F.  Specific  heat  of  the  propellant  gas  at  constant  vol- 
ume taken  from  the  literature  - Btu/lb-*R. 

G.  Convergence  error.  This  is  the  error  to  be  accepted 
on  agreement  between  calculated  and  measured  heat 
input.  A value  of  0.01  would  allow  ±1.0  percent  error, 
0.02  ± 2.0  percent,  etc.  One  should  not  specify  a 
convergence  error  of  zero. 

H.  Specific  co-volume  of  charge,  spv.  This  is  taken 

as  the  average  of  the  specific  volume  of  solid  and  the 

3 

co-volume  of  gaseous  propellant  - in  / lb. 

Card  4.  A.  Ratio  of  specific  heats  for  the  propellant  gas 

taken  from  the  literature.  The  value  may  be  multi- 
plied by  1.05  to  partially  account  for  non-adiabatic 
expansion  if  desired. 
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B.  Convergence  error  barrel  length  is  the  accepted 
barrel  length  error  in  establishing  projectile  velocity- 
position.  A value  0.01  allows  + 1 percent  error,  etc. 
A value  zero  should  not  be  used. 


C.  Projectile  weight  in  the  experiment  - lb. 

D.  Barrel  thermal  conductivity  in  the  experiment  - 
Btu/ sec  -ft-  • R. 


► 
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Card  5.  All  items  on  this  card  must  be  right  justified. 

A.  Total  number  of  axial  positions  in  the  experiment 
for  which  heat  input  information  is  given. 

B.  Number  of  pressure-time  inputs--must  be  less 
than  60. 

C.  Number  of  chamber  points  for  which  heat  input 
data  are  given  should  be  less  than  the  total  number  of 
axial  positions. 

D.  Number  of  grooves  in  the  barrel  rifling. 

Card  6.  A.  The  locations  of  points  of  interest  or  axial  locations 
for  which  heat  input  data  are  given  are  placed  on  this 
card.  Eight  locations  must  be  input  with  distance 
given  in  inches  relative  to  the  start  of  the  barrel. 

Card  7.  A.  The  corresponding  inner  radii  in  inches  at  the 
points  of  interest  are  placed  on  this  card.  These 
radii  should  be  input  as  the  average  of  the  land  and 
groove  of  the  barrel. 

Card  8.  A.  The  corresponding  outer  radii  at  the  points  of 
interest  are  placed  on  this  card. 

Card  9.  A.  The  projection  height  of  the  rifling  in  inches  is 
input  on  this  card. 
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Card  10.  A.  Heating  parameters  are  placed  on  this  card  for 

eight  locations.  All  eight  locations  must  contain  input 
data.  If  the  average  temperature  rise  (*F)  at  the 
barrel  location  in  a single  shot  is  input,  leave  the 
time  group  blank  (first  five  digits  of  each  decade). 

If  an  in-wall  temperature  (*F)  is  given,  place  time 
in  seconds  in  time  group  (up  to  five  digits).  If  a 
total  heat  input  (Btu/ft  ) is  given,  place  it  in  tem- 
perature group  and  put  9999.  in  time  group. 

Card  11-25  A.  The  measured  breech  pressure  - time  array 
is  placed  on  these  cards.  Up  to  60  pressure  inputs 
up  to  and  including  the  final  time  of  interest  may 
be  used. 

Input  values  for  the  slab  subroutine  are  built  into  the  program  and  can 
only  be  changed  by  change  of  program  cards  in  the  source  deck.  This  sub- 
routine is  actually  written  in  similar  logic  to  that  of  the  cylindrical  conduction 
program  of  Section  II  of  this  report.  As  such,  it  could  be  used  with  minor 
modification  to  determine  barrel  temperatures  during  rapid  fire  of  multiple 
bursts  with  cooling,  provided  that  the  barrel  wall  thickness  is  not  great. 

F.  Program  Listing 

The  entire  HTC  program  listing,  as  written  for  the  Calspan  IBM  360/65 
computer,  including  all  subroutines  is  given  beginning  on  page  134.  (The  pro- 
gram has  also  been  adapted  to  the  Frankford  Arsenal  CDC-6500  computer  by 
Mr.  Peter  Ayyoub  of  Frankford  Arsenal.  ) Comments  within  the  bracketed 
areas  shown  indicate  the  purpose  of  the  various  program  sections.  Simplified 
flow  charts  are  shown  on  pages  147  and  148.  Basic  organization  of  the  flow  logic 
is  as  described  above  in  subsections  A-D  of  this  report. 
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G.  Program  Output 

The  output  of  the  program  consists  first  of  an  organization  of  input 
information  as  shown  on  page  151.  On  the  first  output  page,  only  the  muzzle 

time  and  the  projectile  restraining  force  are  computed  quantities.  Next,  the 
breech  pressure,  projectile  velocity,  and  projectile  position  are  printed  out 
at  corresponding  times.  This  is  shown  on  page  152.  Finally,  on  successive 
pages,  as  shown  representatively  on  pages  153  through  160,  the  heat  transfer 
coefficients,  corresponding  gas  temperatures,  and  times  are  printed  for  each 
axial  position  of  interest.  In  addition,  the  single-shot  heat  input  per  unit  area 
and  the  maximum  computed  single-shot  inner  surface  temperature  are  also 
given  for  each  position,  along  with  the  computed  coefficient  of  Equation  18. 
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COMPUTER  USTING 
FOR  HTC  PROGRAM 

MAIN 


E 1 


THIS  PROGRAM  COMPUTES  THE  HEAT  TRANSFER  COEFFICIENT  TO  A GUN 
BARREL  ANO  THE  CORRESPONDING  GAS  TEMPER4TUAES 
LOGICAL  SNAFU 

DIMENSION  R 1 I 8 I , R2 I 8 1 , TR I 8 ) t P 1 60 ) , VP  I 60  I , S I 60 I , T I ME  I 6C ) , 
IQINI8I,QTOTGL8I,OTC<60),HETAI8 ),IN0I8I , WOR K I 6 Cl . TGI  60  I , 

2VGI60 ,8) , Z AT  1 60 , 3 ) .SUMHI8 I , A 1 8 I , HG 1 60 , 8 ) , QT l ME  I 8 I , EP SCI  8 I 
DIMENSION  THEHI6C,8) , THE  TGI  60,8) , TOO  I 63,8)  , 01*18), TITLFI 20) 
DIMENSION  XN  I 8 I , 0 1 NC  I 8 ) , T I ME  X I 50  I , P I X I SO  ) , DR  I 8 ) 

COMMON  DESCPI 1?) .ARGI2) 

COMMON  IFPS, IX, IPRNT1 , IPRNT2 ,IM 

COMMON  XL,HMAX,THETAF,THETAE,C,RHO,XK,  C T h , HL , NHI  10 ) , 

1 NTGI10) ,DELTA¥,TT1,DTHFX,0THFI  , 

2 PTHE2.NF INAL ,1  AST ,T( 1 00 , 1C ) , M , ACCTHF , IPMA  XB, OTHF, TT? , THE TA , I P , 

3 HXT,  TGXT.TR  I 100 ,101  .SNAFU,  ST  MAX  18  > ,T  I MAX  13) 

COMMON  LCOUNT, SUM! 10) , IBURST ,MM 
CCMMGN  MBURST,THFT*C,DTFEC,TMAX,l  IV,T|MFF,TW 

NAME  LIST/ NAMY1/  Rl,R2,TR,P,VP,S,TIME,CIN,QTnTC,QTG,HLTA,lNC,XN 
NAMEL IST/NAMY/P, VP.S.WORK ,TO,VG, ZAT ,SUMH,A , HG 

NAMEL  I ST/ NAM  AL/  NT  , J , I , K,  TS  , PM,  RUL  , IL  .LOT,  NUT  S , THM  , Xfl , XOT  , I Z • ST  , 
1VPT,KT,XS,PF ,TGM,AB,PGL 
NAME  L 1ST  / NAM  Y2/  0 1 N , 0 I NC  , A , HG  , ITT  A , AO , KC  Y 
N I N=5 
N0UT=6 

C0N=144. 0/778. 28 
PIE=3. 141593 
R E AC  I N IN , 4C  80  ) TITLE 
AC  80  FORMA  T(  20A4  ) 

WRITEIN0UT,4C9C)  TITLE 
4050  FORMAT 1 1 HI ,?OAA) 

RF  ADI  N IN,  6000)  T A , NO  , VCH , GC  , T V, , VM  ,C  HL  , 3L , T | Mr  F , C ,PHu  , T I MEM  , f X 
1,CV,FRR,SPV,RK,ERRL,WP,XK 
5CC0  FORMAT  I 8 F 1 0 * 6 I 

RFAO ININ, 5013)  N , NT , NCH , NG , SNAFU 

C A Pn I NT  OF  INTEREST  SHOULD  RF  SPECIFIED  AT  ANY  CHANGE  OF  RORF  RADIUS 
5010  FORMAT (Al 1C, L 1 C I 

REAU(NIN,5CCC)  (XMJ),J  = l,N) 

REACI NIN  ,5000  ) I R 1 1 J ) , J = 1 ,N  I 
READ!  MN.5C00)  I R?  I J ) , J-  1 ,N  I 
RE  AC  I NIN, 5CCC )IDR(J),J-1,N) 

50C5  FORMAT  1 1 6F5.2 ) 

REA0(NIN,50C5) (QTIMFI J) ,TR(J  ) , J = l ,N) 

RE  AD  I NIN, 5000)  1 P I I ) , T 1 ME  I I ) ,1  = 1 , NT) 

MR  I TE  I NIIUT  ,6000  T A , T M 

60  CO  FriRMATI  1H0 , 5X , 29MAC I A8ATIC  GAS  TFMPFR  ATURM  R ) = ,F 9 . 2 , 5X  , 29H  I N I T I AL 
1WALL  TEMPERATURE  I R)=  ,F9.2) 

WRITE INOUT, 6010  TIMEM.TIMEF 

6010  FORMATI1HO,5X,29HTIME  AT  PROJECTILE  E X I T ( S EC  ) = , F 9 . 5 , 5 X , 29HF  l NAl  TI 
1 ME  OF  INTERESTISFC(=  ,F9.5) 

WRITE! NOUT  ,6020  CHL.BL 

6020  FORMAT! 1 HO ,5X , 19MCHAMRFR  LFNGTHI INI  = ,10X,F9.2,5X,  IMH BARREL  LENGTH! 
1!N1=,11X,F9.2) 

MR ITE (NOUT ,6030  I C ,CV 

6030  F0RMATIIH0,5X,29HSPECIFIC  HEAT, GUN  I BTU/L 0 *R ) = . F 9 . 3, 5X , 29HSPE C I F IC 
l HFAT  CV  I BTU/LRAR ) = ,F9.JI 
WRI TF INOUT ,63AC ) MO.SPV 

60 AO  FORMATI 1H0.5X .29HINI TIAL  MEIGHT  OF  CH AR GE I L R ) » , F9 . A , 5 X , 27HS PEC  1 F IC 
1 VOLUME  I 1N**3/LR)=,2X,F9.3) 

WRITE! NOUT ,6C50 ) GC , RK 


r 
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WRITE  INPUT  PARAMETERS  READ  INPUT  CARDS 


i 


MAIN 

60*3  FORMAT!  1 HO ,5 X .29HGAS  CONSTANT  1 L BF  *F  T/t  BN»R  1 * ,F  9 . 2.  5x . 2«.M<  A T III  CT 
1 SPECIFIC  MEATS*. 5X.F9. 21 
WRITE! NOUT  >6C60 I VCH.VM 

6Cfc0  FORMAT! |HC .5X.23HCHAMBER  VOLUME  ( I N**  3 I * , 6 A , F 9 . 2 , 5X,  ?5MMum  E VELO 
1C  I T V IFT/SFCI*»6X,E5.2I 
WRITE INUUT.6CTCI  RhC.FRR 

6070  FORMAT! 1H0.5X ,26hBARREL  DFNSITT  I L B/ F T • • 5 I * , 1*  , F 9 6 > , 22HCUN  VF  HC.F 

INC  E ERROR  ( t ) * . 7 * , F 9 . 4 I 
WRITE! NOUT, 6090)  FX.ERBL 

6CR0  FORMA  T(  IHO.SX  .21MC0RRELAT  ION  F X PONT  NT  * , BX  , F -» . X , S x , 2SMH  AM  M f L LFNCTh 
1 FRROR  ISI*,5X,F9.*I 
NR  I TE  I NOUT  .nlBl  I wP.XX 

6CBI  FORMAT  I 1 HO  . 5 X ,?  JhPROJFCT  I LF  wFIGHI  1 1 Rl * , t X , F S. 5 . *X , IlHB ABM F L f MF  R 
1 M CJNS°TU/FT-SEC-R)=.F7.5//I 
WH  I TE  (NOUT  .609CI  N.NT.NCh.nG 

6C  90  FOPMA  I ( IMG  ,5X  ,26HNU“MFR  OF  A»|AL  P"S  I T I ONS  * , 3 X , | SX  , 2SMM.P**F  « OF 
1TIME  INTERVALS*. <.x, I9/6X, ‘NUMBER  CF  CHAMBER  POSITION S = ,,1X,|9, 

25X, IMHNUMtfFR  OF  GROO Vf S* , 1 1 » . I 9 I 
WRITEINGUT, 60931 

WR  I TE  I NOUT  .6C92I I J.XNI J) , R1 I Jl .R2  t J) ,r<  I Jl  , J* 1 .N) 
fc  C S2  FORMAT!  1 10 , F l 2 . 1 , 1 2 X , F 9 . S , I 2 X , F 9 . S , I 9X ,F V . 9 I 
6CS3  F0RMATI//1CX ,• AX  I AL  POS I T ION- I N • , SX , • | NNE R RACIUS-IN*. 

15  X , 1 GUT  FR  RAOlUS-IN'  ,6X, •PROJECT ICN  hFIGMT-INM 
RKP[ * I RK*1 .0 )/ |R«-1 .0  I 
RK2*2.0*RK/(«K-1.CI 
RKM1*|RK— l.OI/RK 
NCHP1*NCH*1 
A VB  = 0 .0 

OC  9C  J*NCHPl,N 
SO  AV«=AVP»PIF*R1 1 J>*»2 
AN*N-NCH 
AVR*AVB/AN 
S3  KFLAG*C 
VP| 1 1*0.0 
DO  12C  K*2 , NT 

IFITIMEIKI.LE.TIMCPI  GL  TC  IOC 
T S = T I mem 

PM*  S I ( T | ME .p. IS, NT, 1 , | , l I 
KFLAGM 
GO  TO  110 
ICC  TS=T|MEIKI 
PM*P|K) 

l 10  VP!  KI*VPI  K-l  I ♦ IP!  K- 1 |rPMI/?.C*I  TS-T  IMMK-I  I I 
IF! TS.FU.T IMTM | GO  TO  130 
120  CONTINUE 

1 10  BUL*  I VP ( X )»AVP*  32.2/ I I 1. «wO/( 2.*WP I l»WP>- V* I »«P / ( 32 . 2 • T I xf  « ) 

I L *K 

IFIKFLAG.FC.C)  GG  TC  1 AO 
DO  95  I * K , N T 
P 1 X ( I |*P  ! | I 
S5  TI MEX! I I *TIMF ( I I 
00  97  I * K , NT 
P I 1*1 )*PIXl I I 
57  TIME! l+ll*T|Mfcxil! 

N T*NT ♦ 1 
P I K I * PM 
T|ME|K|»T|PEM 
1 AO  SI  11*0.0 
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L: 


DETERMINE  PROJECTILE  VELOCITY  WRITE  INPUT  PARAMETERS 


MAIN 


on  1 sc  i*2,k 

VP  I I l*AvR*12.?»VPI  l)/((  l.«M<1/l?.  »mP  1 I •«  P I - HOI  • T I “F  I I It^.Z/kP 

si 1 1 - st  i-i ) «i vp«  i i«vp(i-i n/?. o*i t met  i i-i  i«m  i- i i i*i?.c 

IMVPI I l*SI  II I 1SI  .ISO,  ISO 
I SI  «PI I l»0. 

SI  I 1-0. 

ISO  CONTINUE 

11*1  IFISNAFUIGO  Tf)  l IS? 

on  rn  ?is2 

II*?  «B|Tf  I 6 » 6 IS? I SIKI.BL 

61S?  FORMAT  I 101, FIS. S. 101, CIS. SI 

2 IS?  IFIARSIStKI-RlI/BL-EBIU  1 1 SS,  ISM  IS? 

IS?  T I MEM. I | ME“» | l .0»C.6*t BL /SIR 1-1 .C I I 
NT-NT-1 
00  1S1  I « R , K T 
PI  I l-PI 1*11 
I S J ri«tl  Il'TIfM  HI  I 
OC  »0  oj 

ISS  ■R|TEINGUT,6C9S)  TIPFM.SIRI 
6 CSS  FORMAT  | ///SI  t l 9M  TmE  JU22LE  T|Mf  IS  |F4.6.?I.MC'.3I. 

U»HFOR  A CAtf.JtATfL  BARREL  LTAGTh  OF,  F 9. ’ , ?*  . * I M I 
■ B| TE INCUT, 6t9| I RCL 

6591  FCPMA II IMO, 61, 'PROJECTILE  «E9TPA|N|NG  F ORf E * • ,F J .2 . ? I , • LBS* I 
IFISirI.lT. Hit  SIR l-RL 
MR|  TE  I MJUT  ,6160 

6160  FORMA  1 1 //SI,  •MARail  HEATING  l*.PUTS*/l 
OC  16C  J-l.N 

I FIOT l-t I Jl .Ej.O. I GO  IT  I 1 6 r 
IFIIOTIMM JI-9999.I.E0.0.I  GO  n 2163 
EPSIII  JI«l.-0.  }?*t*P»-S.7l  •»  l I J)  1 

U1NI  J l-S  JRTI  P|E*IK*CaRMI]*CTl  HE  I Jl  I»TM|J|/.PSI  IJI 
«e  IT  F (SHUT  ,M61IJ,CT|M£|j|,j,TP(JI 
6 1 E l FORMAT  I 5X  , • T |Mf  I • , I 1 , . n SEC  I «•  ,F9  .S  ,SX,  • Tt  HP  »ISE  I • . I l . • II  - I 

1F9.6I 
Gr  TO  1160 
UFO  ING-NG 


OIM J l*Plf»C  ARHCPTRI J l*IR?l J !••?-» II J I «•?! /I ?.»R If *B I I Jl ♦?.«  »'w» 
1 OR IJI 1/12. 

mR|TF|nuuT,616?I J.TBI Jl 

616?  FORMAT  ( SI , • T EMP  RISE  I*. II,* I I H I * • . 2SI , T 9. 6 1 

r,n  TO  1160 

? I FC  OINIJl-TRI  Jl 

■BITE INOtT ,6 1611 J.TR | J | 

6161  FORNATISX, ‘HEAT  I NPUT  I • , I I , • 1 1 R Tli/F  T ••  2 l=*  , 2 MI..I 
1160  OTOTGI J I *0.666  7*101- INI Jl I / I RL*CHL I * 3 I N I J I 
IF  I INI Jl .IT. 0. I SC  TO  6 16  0 
MFTAI Jl-  SIIS.TIML.IMJ  |, \T,  1,1  ,11 
GO  TO  160 

6 I FO  META  I Jl  • T |HE  I l I 
l 60  CONTINUE 
LOT-1 
l»C 

NUTS-NF MP1 
NPl«N*t 

on  1 6 ?0  NUTS-l.NCM 
1 6?0  I NO INUT  S I * 1 

in  i «? • i 

IFINUTS.E0.NP1  I GO  TO  16S 
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MAIN 

irmMf i ii.gt.  hftainutsii  or  to  ibi. 

IM  T l-FI  I 1 .1  T . HFTAINUTSII  OF  TO  IBS 

mi  */ 

I NO!  NuIS  I = I 
I ts  CTO(  1 l*r  ,C 
TUM-T l“F I II 

Ff*s  w i " 

IF  I XNl 1 I .LI .0. IX<l*-tHL 
I 67  OH  1 70  J*1 , NUTS 

IFIJ.M.NOTM  GO  IT  16« 

xr  T = s 1 1 1 

01  Til  16<J 

It*  XOT=>\(JI 

I bn  oi.i i i*otg( I) *wt  :toiji*itimcci i-tu* i/t i mi v« j| r « » 1 ( j i « ( < t 

I 70  TllM=  hFTA I Jl 

if  1 1 .oi . ii  i -,u  r ?oo 

v(  Tu  I If  4,1  71  l,l(  T 
I 1 1 NI  T S = Vi|  S«  | 

L * • I - l 

or  i i if i 

teo  17*1 

S 1 = S I 1 1 I Vt  ,S,  It  1 A I NUTS  I ,M  , l . I , 1 I 
VPt*  Sll  I I Ml  , VP,  mF  1 A I NUT  SI  .NT.  I ,1,11 
WOSII  T |Mf  ,P,f-F  T A (NUTS  » , NT  , INU,  l , I I 
R T M - I 7 ♦ I 
Of  1>C  * *1 ,4  1 

RS*Nl»l-« 

l I“F IKS* 1 l*T|NFI«SI 
S(RS*ll*S(RSI 
P|kS*  1)  = P I M S I 
ISO  VP( KS« l I * VP( RSI 

I I “f  I 171  = Fif  1 A (NUTS  I 
SI f / I * S T 
wpi 17 i*vpt 

PI !/) * P m 1 

N 1 * N 1 ♦ l 
inhinuTsmi/ 

lot*/ 
or  t i its 

/CO  J*1 

■ M I If  INliul,  7C1C  I 

7C10  FOPMA  1 ( lhl  ,S  « ,(  ShTMF  PMilJFCT  U F 1 I M,  , VFLItr  I T ' , ANO  P'SIUI 
1 Apr  OlVFN  rttilUV//' X ,«»llT  I PE  I SI  CM 
no  1 1 r INI  u!  ,S  . 7 I I 1 1 ME  | 1 1 , | * l ,NT  I 
-Mil*  IMIuT  . 7 )/r  | I VP|  I I , 1*1  , II  I 
7C  70  FiPMAtl  iMO.SX./TMMUnjECTUt  Vtl  Of  1 1 V I F 1 /ST  CI/IBFls./l  I 
-Mill  INIUT  . 7 J*.C  I (SI  11,1*1,111 
70A0  l('»MAII|MO,SX,/lMPAf;jCCTlLE  PCS  ITIONI  IN  1/ ( 6F  I A.M  II 
Ml  “R  I I ) *0.C 

or  /os  r*  i ,n 
VGI I ,RI*C.C 
7 A 1 1 | ,R  J *0.C 
Sll“*H  R I *u.0 
?(•>  MCI  1 ,«l  *0.C 
TOI 1 1 * 1 A 
RFl AG*r 
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1/7-’. 


1 ( • I *1  T 


LIZES  HEAT  INPUT  TO  BARREL  (CONTI 

IETERS 


no  230  1*2, NT 

IFII.LE.IL)  CC  TO  20 T 
IFIKFLAG.GT.O)  GO  TO  206 

PF*<  VCH*Bt»AV0  )/  (6.0*1 PK-1  .0  ) »A  VB  » *S0P  T (]  / I 32. 2*RK*GF  »TGM  )« 

1 I(RK*1.0)/2.0J**RKP1) 

K FL  AG= 1 

2 C 6 Pll )=PM*I1.0*ITIME! I)-TIMEM>/PF»**|-RK2) 

TG( I l=TGM*(P( I )/PM)**RKMl 
VP  I I l=SQRTI32.2*RK*GC*TG( 1 1 ) 

S(I)*8L 
GO  TO  209 

2C7  IFUNUUI.IT. I. AND. J.LT.N)  J = JM 
AB= A VR 

WORK  ( I )=WOPK  ( l-l  ) *AR*(P(  I UP  ( 1-1  ) )♦(  SI  I I -SI  1-  1 I I /(  ( l . *riC/  12 . *WP  ) I 
1*29.  > 

PGL=P(  I I * € 1. *WC/  ( 3.*„P)  )*CV*( AR*SI  | UVCH->.0*SPV  I / I 12  .*l.C 
1*1 1 . »wO/ I 2.*wP ) ) ) 

TGUI=TA*I  PGL/IOTGI  1 1 ♦WORK ( I l/778.2h*PGL 1 1 
IF  IT  ME  (I  I • EQ  • T MEM  ) T GM=  TG  ( I I 
2C9  00  2 30  K=  1 , N 

IF( I .LF. INDIKI I GC  TO  210 
VGI I » K I = I XN I K I *CHL ) / I SI  I 1 *CHL I *VP  I I I 
2 20  2 ATI  [ ,K  I = C P(  I l*VG<  l,K  l/TGUI  «Cl.NI**FX 

SUMHIKI  = S U M H I K I *ZAT I I ,K|*(TG(l>-r»l« IT  ME!  Il-T ME  I l-ll I 
GC  TO  2 JO 
2 10  ZATU  ,K  »=0.0 
VGI I ,K)=O.C 
SU«H(Kl  =0.0 
220  CONTINUE 

00  290  K=1,N 
A I K | = G I N I K l/SUMHIK | 

00  290  I =1  ,M 
290  HGI I ,K)=A(K I */ A T I 1 ,K1 

WRITE INOUT.705CI  IP(I),I=1,NT) 

7C50  FORMAT! 1 HO , 5 X , 93HPR E S SUR E UNTIL  END  IF  CALCULATION  TIMFIPSII 
1/  I8F19.UI 
00  250  J=l,N 
DO  250  1=1, NT 

THEHI  l,JI  = TIME!  | ) 

THETGII  ,J)=TME(  I ) 

250  TGOI I , J I = T G I I I 
KFY=l 

255  CALL  SLAB(HG»THEH,THETG,TGDfN,NT»tTA,CTO»KEV) 

Dn  260  J— 1 , N 

2 60  Cl  NCI Jl =C»RHC>XL*(0TA(J|-CT0| 

DO  265  .1  = 1 , N 

1 F | ( A8SI0INI  J) -Cl  NCI  J)  I 1/CINIJ  l-ERR  I 26.5 , 265 , 2 7C 
265  CONTINUE 
GO  TO  3C0 
270  00  280  J=1 ,N 

AD=OIM JI/OINCI Jl 
A( J1=A(J)*A0 
DO  280  1=1, NT 
2 SO  HG 1 1 , J ) = HG I I » J 1 *AD 
KEY=KFY* 1 

IFIKEY.LT. 251  GO  TO  255 
300  WRJTFINOUT ,5050)EX 

5C50  FORMAT! 1H1 .62HTHE  HEAT  TRANSFER  COEFFICIENT  ARRAY  F0LIU»S  I OP  AN  E 


UP 
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MAIN 


1XPCNENT  nF.F13.SI 
OP  370  J*1,N 

WP  I TF  IMJUT  I XMJI 

SC 55  FORMAT! 1 Hl,//47M0THE  FULLCWING  PROPERTIES  ARF  AT  AxlAl  POSITION, 
1 El  4. 2 I 

SC  60  FORMAT ( 1HO  tSx .2SHHF  AT  TRANSFER  COEFFICIENT  ) 

«R I T f INOUT , 5CNC ) 

MR  I U INGOT  ,507C  I I S-G 1 I . J » . I*  1 , NT  I 
SC7C  FORMA  T I EjF  1 4.  5 I 

WRITE INOUT, 5C8CI 

SCFO  FOPMATI 1HO  ,SX, 1 7H* • A* • COEFFICIENT) 
wP  I T E IM.UT ,SC7C)  A(J) 

WRITE INOUT, 5C*J0) 

SOSO  FORMAT! 1HO.SX .lOHTIME  ARRAY) 

WRITf  INOUT, 507CI  ( T I ME  I I) , I • 1 ,NT  I 
wRITF INOUT, SCSI ) 

WRITE  INOUT , SOS? I (TGI  I 1, 1 = 1, NT) 

SCSI  FORMAT ( 1ML ,sx , *GAS  T E MPF P ATuR F-OF!  ?•) 

5CS2  FORMAT! HF 14. 2) 

St  7 1 !CRMAT(F  14.5,3 ()X,F14. 5, lt>X,F  14.S) 

wRITFirnuT.SICOI 

S1CO  FORMA  T I I ICC  ,5  X , 37  IFlEA  T TRANSFER  PER  UNIT  A?  E A , i'TU/E  T * *2  , If  X , 

i 'maximum  surface  tfmpepaturf-iifg  r and  time-sfc) 

3 70  wP I TE INOUT ,5r 7 1 1 C I M J I , STM AX  I J ) , T IN AX  I J ) 

CALL  EXIT 
EX  D 


WRITE  OUTPUT 


SI 


c 

c 

c 

c 


FUNCT ION  SI IX.Y.X1 ,NE, INI, IN  2, I Ml l 
01  MENS  I UN  XII) ,V( 1 | 

X TRL  * INOEPFNC AN  T VARIABLE  ARRAY 
YTBL  = DEPEN T. ANT  VARIABLE  ARRAY 
XX  -KNOW  INOEPENOANT  VALUE 
NN  ^NUMBER  OF  ENTRIES  IN  THE  ARRAY 
00  100  1=1, NE 

IFIXI  II  .GE.X11  GO  TO  120 
100  CONTINUE 

120  IFIXI  II  .EC. XII  Gil  TU  ISO 

130  Sl=VII-l)«IXl-X||-l))/(X<||-X|I-ll)*IYIII-YII-lll 
GO  TO  160 
1*0  S I = Yl  II 
ltO  RETURN 
END 


I 


SLAB 


SUBROUTINE  SL4B(H,ThEH,ThETG,TG, I S ,NUM , OTA ,C T C . K. E Y I 
LOGICAL  SNAFU 
C CMMCN  DESfPI 12) , ARGI2) 

C CMMON  IEPS, IX,|ORNTl,IPRNT2,IM 

CCMMCN  XL,HMAX,THETAF,TMETAE,C,RHO,XK,  CTF ,HL .NH( 1CI I 

1 ntgiioi.oeltay, rn .othex.uthei , 

2 nThE2,NF INAL .LAST, r I 100, 1C  I ,M, ACC  THE , I PMA  XI , OThF , TT 2 , I HE  U , I P , 

3 HXT.TGXT, TH I 100,10) .SNAFU, STM  AX  I 8 I , T I MA* ( H I 
COMMON  LC CUNT, SUM! 10) , I BURST ,MH 

common  mhurs  t , the  t ac , ot  fec, t max , n i v , t i mef • tw 

01  PENSION  HI  60,  « I , THEM  60,0  I , THETGI 6U ,8  I , T G I 6 * , R I . UT A I , I , 

1TFSTI 8) , TTM1 I B I 

C FIRST  DIMENSION  'IF  A Tail  DIMENSIONAL  ARRAY  ,h  I CM  IS  A SuRROUTINf  ARGUE  ME  NT 
C MUST  HE  The  SAME  AS  IN  THE  CALLING  PROGRAM 
C MAIN  PROGRAM 
C 

c 

1 L COUNT  = C 

I x=  1 S 
I BUR  S T = 1 
no  30  1 = 1,  IX 

NH ( I ) =NUM 
30  NTGI I ) =NUM 

IFIKEY.GT.l ) GO  TO  *42 
I E P S = 60 
HL  = 0. 

I PENT  1 = 100:0 
I PR  NT  2 = 1 COCO 
IM=1 

MHURST=1 
XL  = 0 • 0? 

HMAX= 16.0 
THFTAF=T 1MFF 
THETAE*T|MFF 
CTO=TR 
C TF  = T w 
UT  HEC  =G . 0 
THFTAC  = 0 .0 
TMAX=5C0C. 


0 l V= l 2 . 

2C  fORMAT(8E15.8) 

c frint  nr  TABULAR  DATA  GOTO 

IFISNAf  UIGO  TO  179  M 242 

GO  TO  2 42 
l 79  DO  24  l 1 = 1 , I X 

IPO  FORMAT!  IH1  ,2*>H  TABULAR  DATA  TOP  SECT  ION,  13) 

WRITEI6,  1 «50 ) NH(I) 

ISO  FPPMAT I1HC  ,2BH  H table  - NUMBER  OF  ENTRirs,l3l 
WRITEI6.20CI 

200  FORMATI LHC , 2 X , SHTHE T A I 
NUM=NH( I I 

WPITEI6.2101  ( THEHIK, I) ,K=l ,NUMI 
210  FORMATI IX, 1PRE15.7) 

WRITEI6.220I 

220  FORMAT! 1H0.2X ,BHH( THETAI ) 

wRlTE(6,21GI  (HlK.CI ,K=1,NUM| 

WRITE (6,2301  NTGI I ) 

230  FORMATI /////3X ,26HTG  TABLE  NUMBER  OF  ENTRIES.  13) 
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i 


! 


NUM=NTGI I » 

NP I TE 16,2001 

NR  I TE!  6, 2 Id  IThEICIK, I l,K=l ,NUM| 

WPITE(6,24G) 

240  FORMAT(  1H0 , 2X , 9HTG t THETA  I I 

WPITF!h,210l  CTGIK.I l.K=l ,NUN) 

2 'll  CONTINUE 

C Fp  I NT  OF  INPUT  CATA  ANF  TABLES  COMPLETED 
C START  OF  CALCULATION 
242  CONTINUE 

OFLTAY  = Xl/FLCATI IEPSI 
TT1  * XK/DELTAY 

DTHFX  x {C*RH0*DELTAY*»2)/I2.C*|HMAX*D£LTAY*XK) ) 

othex=uthe X/OI V fS-OE-H 

1)0  250  J=l,50 

I TEMP  x UTHEXMO.O  **  J 
IF! ITEMP.GT.U)  Gn  TO  260 
250  CONTINUE 
2?1  RETURN 

26C  OTHFX  = FLOAT!  I TE MR  I * 1 0 . 0 ♦* ( - J I 
27C  OT  HE l =0T  HF  X 

DTHE2=0|V*CTFEX 
NF INAL  = I CPS 
L A ST  x 1 1 PS+1 
MxO 

ACCThF=O.C  

IMSNAFUIGO  TO  273 
GU  TO  272 

2 73  WP  I Tt  (6,271ll)ELTAY,l)THFl  ,0THF2 

271  FORMAT  ( 1 X, PH  OFL  TA  V=  , 1 PE  1 5. 6 , 8X  , FHGTUfl  » , 1 PF  I 5.  5 , 

X 8X,6HCTHE2=,1PFI5.6) 

272  CONTINUE 

DO  290  1=1, IX 

00  2 HO  J = 1,LAST 
2B0  T ( J , I )=C  TO 

TEST!  I )xO. 

2 SC  CONTINUE 

ThFTA=C .0 
CALL  PRINT 
3C0  IPMAXB= IPRNT  1 
M = M*1 

DTHExOTHF 1 

1 GOTO  = 1 

THE  T A = DTHF 1 
ACCTHF=ACCTHE*')THE1 
3C2  1P=0 

3C1  T T 2=DTHE  / I C *RHO*DEL T AY ) 

TT3»TT1*TT2 
DO  303  1=1, IX 
TTN1I  II  = T(  l,  II 
3C3  CONTINUE 

DO  38C  1 = 1, IX 

C TARLF  LOOKUP  FOR  N1THETAI  AND  TG(THFTA) 

NUHxNHI I I 
DO  310  J=2 »NUM 

IFjTHETA.GT . THEH! J , I I I GO  TO  310 
IF ITHEH! J, I) -THE  HI J- 1 , I 1 )309,309,308 
3C8  HXT  = H( J-l, I )♦( (THETA-THEHI J- 1, I t l*(H!J, I)-H( J-l, I)) ) /! THEM  J, I I - 


JUI 

Ul<< 


5 - CC 

au 

s< 


GO  TO 
272 


u. 

OJA 

§55 

in 

J JUI 

<<I 

°?o 


5i< 
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X THE  Ml J— 1,111 

Cl!  TO  311 
3C9  HXT=H(  J-l  , t I 
311  CUNT INUE 
GO  TO  320 
3 l C CONTINUE 

H X T = H l NU  M • I I 
?2C  NUM=NTG(  I 1 

00  330  J=2,NUH 

triTHETA.GT.THETCIJ.il>  GC  TC  33C 
IF( ThFTGC J. I l-THFTGI J-l, 1 II32S. 32«. 32ft 
3 ?ft  TGXT  = TGl  J-l  , I )♦  I ( ThCTA-THETGl J-l , I I I * t T GC  J , I l-TG  t J-  1 . I I I I / ( TliT  T Cl 
X J.  tl-THF TGI J-l . I II 

GC  TO  320 

??p  tgxt=tg<j-i,n 

3 29  CONTINUE 
GC1  TO  3ftO 
33C  CONTINUE 

T G X T = TGI NUM, I I 

3 CO  TBI  1 , l I =?.C*TT?*( HXT* (TGXT-T ( 1 , I I 1 -T T 1 ♦ ( T ( 1 , I ) -T I ? , I ) ||  . 1 ( 1 , | ) 
IFCTL  l.ll.LT.TVAX  I GO  TT  1C02C 
WR ITE (ft, IOC  10  I 

ICO  10  FORMAT  (1X.20H  MAXIRUR  Tf  RPt  PATUPf  ExCEFuEOJ 
CALL  PRINT 
STOP 

ICO  20  CONTINUE 

no  3 co  j=2,nfinal 

3 7C  TBI J, I l = TT3*t  T| J-l . I l-TI J, I >-T IJ.  I l*T I J»l , III  «T  { J , I > 
TB(LAST,||=2.0*TT2*(TT1*(T(LAST-1,|)-T(LAST,I) I -h|  * 

X I TlLAST,  I l-CTF  I IrTILAST, | | 

3 FC  CONTINUE 

IX  *00  1 = 1,  IX 

I)  Ij  300  J=  1 .LAST 
3S0  T I J , 1 I = Tell  J, I I 
*C0  CONTINUE 

00  4)9  I = 1 , 1 X 

|E( TEST!  I I .NE.C. IGU  TO  *C9 
IF  I Tl  1 , I l-TTMJ | i ))  *01, *C9,*09 
*Cl  ST*AX( | | «TTM| ( | | 

T|MAX|Ii=THFTA 
TESTI  11  = 1. 

*C9  CONTINUE 

1 P=  IP  *1 

GO  TU  <410, 4*0,430, *801, IGCITO 
*10  I F I ( THE TA*CTEt I .LT .THFTAE I GO  Tfl  *20 
IEI  IP  .NE.  | PR A X R I CU  TO  *11 
CALL  PRINT 
IP=0 

*11  CONTINUE 

L>THE=THETAF-THFTA 
ACC  ThE=ACCThE*CTHE 

The i a = the tarothf 
1P«0 

lEITHCTAF.EC.THETAFI  iggtc=* 

IGflTfl  = 2 
GO  TO  301 

*20  IE  tlP.NE.  IPRAXRI  CC  TC!  *30 
CALL  PRINT 


4 


> 

coz 





A 30 


4*0 


A 50 


!>  1 


AfcO 


A7C 


A PO 


AP? 


AP3 
A PA 

AB  1 


*<iO 

1 

•>cc 

1 SCO 
SCI 
SC2 


ACCTHE»ACCTHE  ♦ DTFF 
THFTA*THE TAMlThF 
CO  T(1  301 
CALL  PRINT 
IPMAXB=|RRNT? 

0TFE-0THE2 

ACC  THE  = ACC  lhFFCT-iP 

THt  T A = T HE  T A ♦ C T FC 

I P =0 

ir,f)T(l  = 3 

GO  TO  301 

ITU  THETA*l>THE  » .LT.  THETAFI  Go  TP  AN 0 
IFLIP  .NE.  IPMAXR)  GO  TO  A51 
CALL  PRINT 
IP  = 0 

CONT INUE 

UTHE  = ThETAE— THFTA 

ACCTME=ACCTfF»PTHF 

THFTA*THETA*nTFE 

IP*0 

IGPTll=A 

GO  TO  30 l 

IFIIP  .NF.  IPRAXBI  GO  TP  A7C 
CALL  PRINT 
I P = 0 

ACCTHF  = ACC  TF'E  *f  ThF 
THFTA  = THETA*i)TFE 
GP  TO  301 
CALL  PRINT 
I P = 0 

1FIR.LT. IP)  GC  TO  TOO 
T A VE  = SUM ( 1 I 
00  AS2  1 = 1 , I X 

0 T A ( I )=SUM(  I I 

If  1SNAFUI  CC  TO  APT 
GO  TO  AHA 

MR ITE(6,2GM  UTAII) ,|<l ,1 XI 
X THE  T A=TME  T A 
X THf  T1  = X THE  T A ♦ THF  TAC 

IF  ( I THt  TA+CTHFC  I .1  T.XTHFT1  ) GO  TP  ASP 
TEMPl=XTorTl-THETA 
ACCTHE-ACC  TFE*TERP1 
THFTA=THETA*TEMP| 

TAVFR=TAVt-(HL*TFRFl*( TAVf-CTF ) ) / (XL*f XRMfll 

TAVF=TAVFB 

GC  TO  SCO 

ACCTHE=ACCTHfc»OTH£C 

THETA*THFTA«CTPEC 

TAVEB=TAVE-I  hL*OT  HtC  * ( T A V F-C  T t I » / (XL»C.*RHO  I 
TAVE  = TAVFB 
GP  TO  Afll 

I F f SNAFU ) GO  TO  1 SOO 
GP  TO  502 

MP I TE I 6, 50  lit  BURST,*, ACCTME, TAVE 
FURMATI 1X,|8,IH,F15.6,7X,IPE1?.SI 
IF  I IBURST.tO.BPUOST ) GO  TO  510 

1 BUR  S T*  I BUR STM 


D 
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t TO*  TAVE 

or  rn  212 

5 1 C L COUNT  *0 

I BURST=1 

GO  TO  ?i>l  (RETURN  TO  MAIN) 

E NO 


MAIN 


CIBFTC  L&M2  LIST, OECK, REF 

SUBROUTINE  PRINT 
LOGICAL  SNAFU 
COMMON  OF  SCP1  12  I • APG 1 2 1 
COMMON  IEPS, IX, IPRNT1, IPRNT2.1 M 

COMMON  XL.  UMAX  .ThETAF.THETAF.C  , PM).  * K , C Tl  ,ML  ,NHf  1 C)  , 

1 NTGIIOI.DELTAY.TU.OTmFX.OTHCI, 

2 OTHE2.  NF  INAL  .LAST,  T(  100,  10  ) ,M, ACC  THE  , I PM/.  XI  , OTtlC  , TT?  , I HE  T A , | P , 

3 HXT.TGXT, TBC 100 ,1C I .SNAFU. STMAX I R I , T I MAX ( R I 
COMMON  LCOlJNT.ScMI  1 C > , I BUP S T , mm 

COMMON  MBUPST,  ThETAC  , DTFEC.  T*»ax  .01  V,  TMEF,  TW 

on  so  1*1  ,i x 

SUM(  I I*T1  1,1  l/?.C 

00  30  J *2 ,NF INAL 

30  SU“(  l I = SUM  I I I ♦T ( J . | ) 

AO  SUM ( I l = ( SUM < I I ♦ T I LAST .1 1/2.0  l/FLCATl  IEPSI 

1 F I SNAFl)  | GO  TO  105 
GO  T > 115 

IC5  I F ( MQO<  L COUNT  , 50  ) .NF.  01  <21  TO  ICO 

wP  1 TE  In,  1 20 

120  FORMAT  ( 1 H 1 , 2 X .5HHUPST,  3 X . 5HM  CUM) , 5 X , I IHTMf  I A(  SIC  . 1 , 7>  ,»H\ I A VI  ». 

X,  AHT1  l I , 16X,  7rlT(  LAST  I I 

100  WKITEIb, 11011  HURST , M, ACCTHF , SUN  111 , T < l , 1 ) , T ( L A $7 , I > 

110  FU PM AT11X,1B,|B,F1 5. 6, 7X.1PF12. 5, PX.1PI  12. 5 , M X . I »F 12 . 5 1 

t 15  CONTINUF 

ICCIJNT*LCC0NT*1 

RF  TURN 

FNO 
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FROM  MAIN 


:1 


COMPUTE 

AVERAGE 

TEMPERATURES 


RETURN  TO 
MAIN 


FLOW  CHART  FOR  SUBROUTINE  SLAB 


ADIABATIC  GAS  Tf-BPE  R 4TURE  I B I = S56C.D0  INITIAL  k.ALL  Tt  BPf  ft  AT  UH  1 ft  I = ‘<■JL.CC 
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List  of  Symbols  for  Section  II 


taper 

kl-2 

l2-3 


C 

hI 

hL 

h(9) 

K 

L 


3 

q (6) 


kOD 


T ( ) 
ave 

o 

Tave<  > 
TL(®> 


n 

,i 


v 

ti 

tenv 

V. 

taper 


2 

heat  input  area  of  modified  axial  section  3 of  Figure  2 - ft 

actual  heat  input  area  of  tapered  axial  section  3 of  Figure  2 - ft^ 

2 

area  for  conduction  between  axial  sections  1 and  2 - ft 

area  for  conduction  between  axial  sections  2 and  3 * ft^ 

specific  heat  of  the  material  - Btu/lb  - * F 

interface  coefficient  - Btu/ft^- sec  - *F 

2 

loss  coefficient  - Btu/ft  - sec  - * F 

propellant  gas  heat  transfer  coefficients  tabular  values  with 
time  - Btu/ft  - sec  - *F 

thermal  conductivity  - Btu/ft  - sec  - *F 

length  of  axial  section  3 of  Figure  2 - ft 

length  of  axial  section  1 - ft 

length  of  axial  section  2 - ft 

length  of  axial  section  3 - ft 

general  heat  iivput  per  square  foot  per  second  as  a function  of 
time  - Btu/ft^-  sec 

2 

heat  loss  rate  - Btu/ft  - sec 

radius  to  interface  measured  from  chamber  centerline  - ft 
radius  to  inner  chamber  wall  - ft 
radius  to  outer  chamber  wall  - ft 
radius  defined  by  Figure  2 - ft 

average  temperature  of  section  ( ) at  the  beginning  of  a shot  - *F 

average  temperature  of  section  ( ) after  a time  interval  8^,  - *F 
temperature  of  outer  element  as  a function  of  time  - *F 
temperature  of  element  n - *F 

temperature  of  element  n after  a time  interval,  4#  . *F 
temperature  of  the  propellant  gases  in  tabular  form  - *F 
temperature  of  the  surface  element  - *F 
temperature  of  the  environment  - *F 

3 

actual  volume  of  axial  section  3 of  Figure  2 - ft 
modified  volume  of  axial  section  3 of  Figure  2 - ft^ 
time  - sec 

heat  input  period  - sec 
cycle  period  - sec 
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] 

cooling  period  between  bursts  - sec 
time  increment  for  computer  calculations  - sec 
element  size  - ft 
density  - lb/ft^ 
emissivity 

Stefan- Boltzmann  constant 
refers  to  coating 
refers  to  metal 

a 


i 


II.  COMPOSITE  CYLINDRICAL  CONDUCTION 
HEAT  TRANSFER  COMPUTER  PROGRAM 


• 1 

(Calculation  of  temperatures  within  the  chamber  or  barrel  walls  during 
firing  of  multiple  rounds  can  be  performed  once  the  time  history  of  propellant 
gas  temperature  and  local  heat  transfer  coefficients  are  known.  The  com- 
posite cylindrical  conduction  computer  program  written  at  CAL  performs  this 
1 function  with  consideration  to  balance  of  machine  time  with  computational 

accuracy.  In  the  program,  radial  conduction  into  the  chamber  is  given  chief 
emphasis,  but  the  effects  of  axial  conduction  along  the  chamber  are  included 
by  an  approximation  which  limits  the  required  machine  time  normally  associ- 
ated with  three-dimensional  conduction  computer  programs. 


I 

L 

l 

j 

I 


A.  Geometrical  Considerations 

The  key  to  reduction  of  computer  time  is  an  introduction  of  a change 
of  dimension  at  an  arbitrary  distance,  Rj  , within  the  chamber  wall  as 
measured  from  the  chamber  axis.  This  is  shown  in  Figure  Al,  For  generali- 
zation, at  this  location  an  arbitrary  interface  coefficient  can  also  be  specified 
if  composite  chambers  are  to  be  studied.  Parameters  within  the  cross  section 
between  Rj  and  Rj  are,  for  generality,  given  the  subscript  ( )coat*  Between 
Rj  and  Rqq  they  are  given  the  subscript  ( )meta|>  Each  cross  section  is 
divided  into  a chosen  number  of  elements,  and  the  element  size  is  determined 
by  the  computer.  The  thermal  conductivity,  K,  specific  heat,  C,  and  density, 
p,  are  input  for  both  the  "coating"  and  the  "metal"  as  well  as  the  interface 
coefficient,  hj. 

The  chamber  can  also  be  divided  into  as  many  as  five  axial  sections  of 
arbitrary  length  and  diameter.  This  option  is  used  when  axial  conduction 
effects  are  to  be  considered.  When  this  option  is  exercised,  the  thermal  prop- 
erties of  the  "coating"  must  be  the  same  as  those  of  the  "metal".  In  effect, 
the  "coating"  cross  section  simply  serves  to  provide  a reduction  in  element 
size  near  the  heated  surface,  improving  the  accuracy  of  the  calculation. 
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PARAMETERS  IN  THIS  REGION 
HAVE  SUBSCRIPT  ( )C0AT 


PARAMETERS  IN  THIS  REGION 
HAVE  SUBSCRIPT  ( )MFT. 


INSIDE  CHAMBER 
WALL 


ARBITRARY 
INTERFACE 
WITH  COEFFICIENT 


OUTSIDE  CHAMBER 
WALL 


Figure  A-1  CROSS  SECTIONAL  VIEW  AT  A TYPICAL  CHAMBER  AXIAL  SECTION 


The  actual  geometry  is  simplified  by  choosing  length  and  inner  and  outer 
radii  so  that  the  correct  mass  per  unit  internal  surface  area  is  maintained 
at  each  section.  Figure  A2  indicates  a typical  chamber  with  possible  axial 
divisions.  The  inner  and  outer  radii  of  sections  1,  2,  and  5 can  be  left 
unchanged.  The  outer  radius  of  section  4 (shown  by  the  dashed  line)  is 
adjusted  to  maintain  the  same  volur.e  in  that  section  as  in  the  original  tapered 
section.  Section  3 has  both  its  inner  and  outer  radii  adjusted  as  given  by  the 
following  method:  First,  the  inner  radius  is  taken  as  the  average  of  the  inner 
tapered  surface  (R^  + R^)  / 2.  The  new  inside  surface  area  is  computed  from 

As  = n{R\ + r2>  ls  (2; 

The  original  inside  area  on  the  taper  is 


,r  " MR1  + R2)  VlJT (rl  - r2V 


The  volume  of  the  original  section  is 


Jr  = * j*OD  (~12-RZ)  ] 


because 


taper 

r 

taper 


+ (Rj  - R2) 


b2-( 


E1  * M L 


Pi  + R2 


j^KcD  ' ^R1  + R2^ 


s + <R1  ‘ R2^ 


Use  of  the  radius  R for  R„^  will  thus  yield  the  same  volume  per  unit  internal 
surface  area  as  in  the  original  section.  It  is  important  to  note  that  the  volume 
per  unit  internal  area  must  be  correct  in  order  that  the  average  temperature  rise 
of  the  section  be  correct. 
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Figure  A-2  TYPICAL  AXIAL  CHAMBER  SECTIONS 


\ 


i : 

f 


L! 

li 


B.  Heat  Input  Parameters 

The  heat  input  at  each  axial  section  during  the  firing  of  individual 
shots  is  dependent  upon  a convection  heat  transfer  coefficient  history,  a pro- 
pellant gas  temperature  history,  and  the  temperature  of  the  inner  surface 
element.  At  each  axial  section,  the  heat  flux  rate  to  the  inner  surface  is 
represented  by 

q(0)  = h(0)  | Tg(0)  - Tj(0)j  (27) 

whe  re 

q(0)  is  the  heat  flux  rate  as  a function  of  time, 

h(<?)  is  the  convection  coefficient  history  specified  for  the  section, 

T g(ff)  is  the  propellant  gas  temperature  history  specified  for  the  section, 

is  the  computed  temperature  of  the  inner  surface  element  as 
a function  of  time, 

9 is  the  time. 

Hence,  at  any  time,  0,  the  heat  input  rate  can  be  computed  which  affects 
the  future  calculated  inner  surface  temperature  Tj(0),  according  to  the 
conduction  relations  to  be  discussed  later. 


Heat  losses  from  each  axial  section  at  the  outer  surface  also  depend 
upon  given  heat  transfer  coefficients  and  the  temperature  of  the  environment 
as  well  as  the  temperature  of  the  outer  element.  But  here,  in  addition,  radia- 
tion heat  transfer  is  considered.  Thus,  the  equation  for  heat  loss  rate  is 

qL  ~ hlJ{TL^)  " TENV]  + °'*{TL^'  " TENV  ] (28) 

is  a specified  convection  coefficient  for  loss, 
is  the  absolute  temperature  of  outer  surface  elements, 
is  the  absolute  environmental  temperature, 
is  the  Stefan-Boltzmann  constant, 
is  a specified  emissivity  factor. 

Again,  the  loss  depends  upon  a calculated  temperature  (T ^(0)),  and  this  in  turn 
affects  all  future  calculated  temperatures. 


where 

hL 

V0) 

tenv 

cr 

L 
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C.  Time  Factors 

There  are  several  time  periods  of  interest  during  computer  simula- 
tions of  rapid-fire  conditions.  These  are  depicted  by  Figure  A3.  First,  the 
relatively  short  period  in  which  the  total  heat  per  shot  is  introduced  into  the 
inner  chamber  wall  is  of  importance  and  is  specified  by  the  time  factor,  0 
in  the  figure.  This  time  is  derived  from  the  convection  coefficient  history  at 
the  time  after  firing  at  which  h(0 ) can  be  taken  as  negligible  (i.  e.  , h(0 ) = 0). 
Second,  the  cycle  time  or  the  period  between  shots  is  required.  This  time 
is  designated  by  0^  in  the  figure.  Third,  if  temperatures  for  more  than  one 
burst  are  to  be  computed,  the  cooling  interval  between  bursts  must  be  specified. 
This  is  indicated  by  0 c in  Figure  A3.  During  each  of  the  above  time  intervals, 
there  are  used  separate  and  distinct  time  increments,  A0  , for  temperature 
calculations.  For  the  first  time  interval  during  each  shot,  the  time  increment 
to  be  used  is  based  upon  either  the  maintenance  of  stability  in  the  solution  or 
adequate  subdivision  of  the  heat  input  period,  whichever  is  the  smaller.  Sub- 
division of  the  heat  input  period  is  specified  by  input  of  a time  increment 
factor  during  firing  (see  Sample  Computer  Output)  selected  by  the  program- 
mer. This  factor  effectively  divides  the  firing  period  into  a selected  number 
of  time  increments.  For  example,  if  the  firing  (heat  input)  period  were  10 
milliseconds,  one  may  chose  to  divide  this  period  into  at  least  100  increments. 
To  do  this,  a time  increment  factor  of  99  would  be  selected  (one  less  than  the 
number  of  increments  desired).  The  computer  also  determines  a maximum 
allowable  time  increment  for  stability,  as  discussed  in  subsection  E.  For  the 
time  interval  during  firing,  the  smaller  of  these  time  increments  is  used. 

In  the  second  time  period,  the  time  between  shots,  only  the  time  ipcre- 
ment  required  for  stability  of  the  solution  is  used. 

In  the  cooling  interval,  the  time  increment  remains  the  same  as  that 
for  the  second  time  period  until  a convergence  criterion  relating  to  thermal 
gradient  in  the  chamber  wall  is  met.  This  is  designated  as  the  cooling  conver- 
gence error,  with  value  0 - 1.0.  The  convergence  error  is  simply  the  ratio 
of  outer  to  inner  wall  temperature.  Hence,  a convergence  error  of  0.5  indicates 
that  calculations  will  continue  using  the  time  increment  of  the  second  time 


f 


period  until  the  inner  surface  temperature  has  cooled  to  twice  the  external 
temperature.  Once  the  input  convergence  criterion  is  met,  further  calcula- 
tions in  the  cooling  period  use  an  input  time  increment  which  may  be  much 
larger,  because  at  this  time  the  entire  axial  section  is  considered  to  be 
cooling  as  one  large  element  of  the  correct  average  temperature.  The  chief 
advantage  of  this  calculation  technique  in  the  cooling  period  is  that  it  can 
allow  investigation  of  changes  in  internal  gradient  with  time  while  these  changes 
are  significant,  and  also  can  eliminate  meaningless,  time  consuming  calcu- 
lations where  changes  in  thermal  gradient  are  not  significant. 

D.  Output  and  Print  Intervals 

Program  output  consists  primarily  of  temperatures  within  each  axial 
section  at  selected  times.  Although  the  temperatures  of  each  individual  element 
of  each  axial  section  can  be  obtained  through  printout,  in  general  use,  the  out- 
put format  is  set  up  to  print  specifically  the  temperatures  of  the  inner  surface, 
interface,  and  outer  surface  elements  in  addition  to  the  individual  averages  of 
the  coating  and  metal  cross  sections  as  well  as  the  average  temperature  of  the 
entire  axial  section.  These  six  temperature  printouts  can  allow  reasonable 
e '*imation  of  thermal  gradient  at  any  selected  time. 

In  addition  to  the  internal  temperatures,  the  total  heat  input  to  the 
inner  surface  element  during  the  firing  of  each  individual  shot  is  printed  out. 
This  is  found  useful  in  evaluating  heat  input  information  obtained  experimentally 
through  in-wall  thermocouples  or  heat  meters. 

As  noted  above,  very  short  time  intervals  are  used  during  the  calcu- 
lations. Printout  at  each  individual  time  increment  is  generally  not  needed. 

The  amount  of  printout  desired  is  specified  by  the  print  intervals.  Three  inter- 
vals are  input  to  the  machine.  The  first  is  in  the  firing  period.  The  second 
is  in  the  extraction  period.  The  third  is  in  the  cooling  period.  The  input  print 
interval  indicates  the  number  of  time  increments  to  be  used  prior  to  printout 
in  each  period.  For  example,  a print  interval  of  5 in  the  firing  period  indicates 
that  printouts  are  desired  after  each  5 time  increments. 


Several  printouts  are  given  in  addition  to  those  called  for  by  the  print 

interval.  These  occur  at  a*' , maximum  of  the  above  six  temperatures.  Also, 

printouts  are  given  at  the  end  of  the  heat  input  period,  6 f , ihe  cy;le  period 

6 , and  at  the  time  the  cooling  convergence  error  is  satisfied, 

ii. 

E.  Heat  Conduction  Relations 
1.  Radial  Conduction 

Conduction  of  heat  to  the  interior  of  the  composite  cylinder  at  each 
axial  section  is  determined  by  use  of  finite  difference  relations  based  upon 
subdivision  of  the  cylindrical  section.  Figure  A4  indicates  a general  subdivi- 
sion of  a particular  axial  section.  In  region  I (or  the  coating  region)  the  central 

elements  are  of  thickness  6 and  the  two  end  elements  are  half  sized,  6/2. 

c c 

In  region  II  the  same  general  geometry  is  used,  but  the  element  thickness  is 
6 . At  the  interface  between  regions  (designated  by  I in  the  figure),  there  is 

a given  interface  coefficient,  hj. 

Temperatures  within  each  element  as  a function  of  time  are  determined 
by  heat  balances  in  which  a new  temperature  of  each  element  after  a specific 
time  interval  is  calculated  based  upon  its  and  neighboring  element  temperatures. 
At  the  surface  the  heat  input  per  unit  length  in  the  time  interval  A0  is 


q.n  = 2*RlhO»(T  - Tj)A0 


The  heat  out  of  element  1 to  element  2 is 


q{_z  = 2 »r(  R j + ,56c)  -ji  (T,  - T2)A0 


The  heat  stored  in  element  1 is 


q , , = ttR.  6 C P (T*  - T, ) 

stored  1 c c'  c 1 1 


^stored  ^in  ^out 


Hence  with  good  approximation, 


i 

( 
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t'  = 2A  6 
1 ^ 


— h(0)  ( 

c ' 


VT>) 


2(Rj  + .56c)KcA0 


C P 6 R. 
dec  1 


(Tl  _ T2)  + Tj  <33> 


By  similar  treatment,  the  internal  elements  in  region  I (elements  2 and  3 
of  Figure  A4)  are  computed  from 

_ K<P  [(Rlt.5(2n-3)6C)  (T0.,  - T„) 


CcPch 


Rj  + (n-  1)6C 


(R1  4.5(2n-l)6c)  (Tn-Tn+1)  | 


Rt  + (n-  1)  6C 


2<n<I  - 2 


where  I is  the  number  of  the  interface  element.  The  temperature  of  the  last 
full  element  in  region  1 (element  4 of  Figure  A4)  is  obtained  from 

ml  K_A$  fi  r c f 'T*  T 1 


CcPc6c  <Ri+<n-n6c) 


R1  + .5  6c(2n-3)  - Tn 


(inTTh,)  |R1  * -56c  <2"-  »|  <T„  • T„+1>  * Tn 


n = I-  1 


At  the  interface  n = I 


4A«hj 

mass.  C P 6 (Rt  - .2  5 6 ) + C p 5 (RT  + .< 
1 crc  c I c m< m m l 


^n  ^mass,  ( Kc  + 26c  hj 


(Rr  - .56  ) (T  , - T ) 
'I  c * n-I  n ' 


^ =-4- — 7- — ) (RT  + .56  ) (T  - T . ) + T 

K + 26  h.  / ' I m'  ' n n+I'  n 

m ml/ 
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The  temperatures  of  the  first  full  element  of  region  II,  n = 1+  1,  are  obtained 
from 

K A0 
m 

T = 2 (371 

mass,  (Ri  + 6m> 

c.  m>  m m I m 


T • _ T 
n mass- 


/ 2hI6m  \ (R  + 

* 2hI  W 


■ 56  ) (T  , - T) 
m n- 1 n 


- (Rt+  !-56_)  <T  - T , ) + T 


The  temperatures  of  the  internal  elements  of  region  II  are  obtained  from 

I + l<n<I^  (the  number  of  the  last  element) 

A0K 

T i - m x 

” 5m] 

|(RI  + .5[2(„-D-  !]6m)  (T„-l  ' Tn»  ’ |(Rj  ♦ .5  Pin  - I)  * ^ (T„  - Tn< , )] 


The  temperatures  in  the  final  element  (last  element)  are  determined  from 
n = IT 


T'  = 
n 


2A0K  (R^r,  - .56  ) (T  , - T ) 

m OD m ' n-1  n 

CmPmROD5  m 

2hLA0(Tn  - Tamb> 

C p 6 

ml  m m 

* 460)4  - (Tamb  t 460)4| 

■ C p 6 

mi  m m 


+ T 


In  order  to  maintain  stability  of  the  solution,  the  time  interval 
for  each  calculation  must  be  selected  with  consideration  of  element  size  and 
thermal  properties  of  the  material.  Stability  is  insured  if  the  coefficients  of 
the  temperature  at  all  nodal  points  or  elements  are  equal  to  or  slightly  greater 
than  zero.  Three  positions  within  the  section  are  of  most  importance  relative 
to  stability,  (1)  at  the  surface,  (2)  at  the  interface,  and  (3)  at  the  last  ele- 
ment. Setting  the  coefficients  of  Tj  equal  to  zero  and  solving  forA0,  we  get 

a /i  _ 1 CcPA  ,A , k 

= 7 (5  h<0)  + K ) (4l) 

c c 

as  the  maximum  time  interval  for  stability  based  on  the  surface  equation. 

This  equation  must  be  applied  to  all  axial  sections.  For  simplicity,  the  max- 
imum value  of  h(0)  taken  from  the  input  tables  of  heat  transfer  coefficients  for 
all  sections  may  be  used. 

From  the  interface  equation 

C/c6c  * 

’ / 4Kchl  4Kn,hI  1421 

I E T25  li,  * K + 26  h,  I 
\ c cl  m ml/ 

determines  the  maximum  allowable  time  interval. 


The  maximum  time  interval  based  on  the  last  element  is 


C P 6 

mi  m i 


m L m 


mi  m m 
+ 


m ' L 


\3  (43) 


But,  in  general, 


K >>  hT  6 +a£( T.  + 4b0)° 

m L m L m 

max 


Thus,  one  can  take 


. C P 6 
1 m<  m m 


'3  ” * 


f 


which  assumes 


k = hr  & + cr£6  (T. 

m L,  m m L 


+ 460- 


max 


(45) 


To  assure  stability,  the  minimum  of  and  6.0^  must  be  used 

for  the  computations.  This  minimum  is  determined  by  the  computer  prior  to 
the  beginning  of  calculations. 
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2.  Axial  Conduction 

Conduction  between  axial  sections  is  obtained  by  considering  each  axial 
section  to  be  one  large  element  conducting  heat  to  neighboring  axial  sections. 

The  temperature  of  the  large  element  is  taken  to  be  the  average  of  all  radially 
internal  elements  in  the  axial  section.  This  average  is  computed  by  summing  the 
energy  content  of  elements  within  the  "coating"  and  "metal"  individually  and 
dividing  by  the  combined  thermal  capacity  of  the  section.  In  order  to  reduce 
computation  time,  axial  conduction  and  its  effect  on  the  average  temperatures 
of  each  section  is  computed  only  once  for  each  round  fired.  In  this  computation, 
the  average  temperature  of  each  axial  section  over  the  firing  period  is  used  to 
compute  the  total  change  in  average  temperature  of  each  section  in  the  cycle 
period.  As  an  example  of  the  axial  conduction  relations,  the  following  describes 
the  change  in  average  temperature  of  axial  section  2. 


AT  (2)  = .- 
ave'  ' 


KmAl-2 

[T  (2)  - T (1)  + T (2) 
ave'  ' ave'  ' ave'  ' 

o o 

- T (1) 
ave'  ' 

( Lj  + L 

■2>  'CmfmL2 

rod<2)  - Rf<2> 

(46) 


K A, 
m 2 
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T (2)  - T (3)  + T (2)  - T 
ave'  ' ave'  ' ave'  ' 
o o 


ave*3*  "E 


0 , 


<L2  + L3>  fCn/mL2  [ROD<2)  ‘ Rf  <2>  _ 


The  change  computed  by  this  equation  is  then  added  to  T&ve(2)  to  find  the  new 

average  temperature  of  section  ? at.  the  end  of  the  cycle  period,  0 . The  other 

£ 

axial  sections  are  handled  in  simik  r fashion.  After  having  computed  new  average 
temperatures  at  each  axial  section,  .’alculations  then  continue  through  the  next 
firing  period. 
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F.  Computer  Routine 

The  entire  computer  routine  for  temperature  calculations  written  fo.- 
use  with  an  IBM  360/65  computer  consists  of  several  parts.  First,  the  main 
program  contains  the  majority  of  the  program  logic  and  performs  some  pre- 
liminary calculations  as,  for  example,  determination  of  element  size  and  time 
increments.  The  main  program  also  calls  several  subroutines  including: 

1.  Subroutine  CALC 

This  subroutine  calculates  all  internal  temperatures  within 

each  axial  section  as  well  as  average  temperatures  of  each  section. 

2.  Subroutine  PRINT 

This  subroutine  prints  out  all  temperature  histories. 

3.  Subroutine  INTAB 

This  subroutine  reads  in  heat  transfer  coefficient  and  gas 

temperature  tables. 

4.  Subroutine  INDAT 

This  subroutine  reads  in  the  input  data  for  the  calculation. 

5.  Subroutine  INTER 

This  subroutine  determines  axial  conduction  effects  on  average 

tempe  ratures. 

Each  of  the  above  subroutines  is  called  for  at  appropriate  sequence 
by  the  main  program.  The  entire  program  listing  is  given  on  pages  181  through 
191.  Sufficient  comment  cards  are  provided  within  the  listing  to  allow  basic 
understanding  of  logical  flow.  As  a further  aid,  the  simplified  flow  charts  of 
pages  192  and  193  indicate  the  logical  flow  for  the  main  program  and  subroutine 
CALC.  A complete  set  of  cards,  including  a set  of  sample  input  data  cards, 
has  been  supplied  to  Frankford  Arsenal. 

G.  Input  Format 

As  indicated  for  the  HTC  program,  application  of  the  program  to 
determining  temperatures  during  and  after  heating,  input  information  must 
be  supplied  to  the  machine  and  in  the  correct  format.  The  master  input 
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format  for  the  cylindrical  conduction  program  is  given  in  pages  1V4  through  207. 
This  format  is  along  commonly  accepted  computational  rules  and  should  be 
easily  applied  by  an  experienced  programmer.  For  clarity,  the  following 
indicates  symbolism  used  where  it  may  be  unclear  in  the  input  format  state- 
ments : 


N 

NH(  ) 


Number  of  axial  sections  up  to  5. 

Number  of  entries  in  heat  transfer  coefficient  array 
(up  to  60). 

THETAH  (,)  Time  array  for  heat  transfer  coefficients. 

Corresponding  heat  transfer  coefficient  array.  The 


H(,  ) 
NTG(  ) 


final  entry  should  be  zero. 

Number  of  entries  in  propeilant  gas  temperature 


array  (up  to  60). 

THETAG(,)  Time  array  for  propellant  gas  temperature. 

Corresponding  propellant  gas  temperature  array. 


TG(,  ) 
THETA  F 


THETA  E 
THETA  C 
DTHEC 


CLER 

XCOOL 

HMAX 


HINT 

EPS 


The  time  at  which  the  last  coefficient  becomes  equa. 
to  zero. 


The  cycle  time. 

The  cooling  interval  between  bursts. 

The  time  increment  during  cooling  (should  be  about 
0.01  THETAC). 

The  cooling  convergence  error  (should  not  be  equal  to  1.0). 
Set  XCOOL  at  zero  (not  applicable  to  this  calculation). 
Maximum  coefficient  appearing  in  the  heat  transfer 


coefficient  arrays. 

Interface  heat  transfer  coefficient. 
Emissiv.ty  of  outer  surface  (0  - 1.0). 
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MINC  Time  increment  factor  as  discussed  under  Section  C. 

Time  Factor. 

SCALE  Sei  this  equal  to  1.0. 

1PRINT  1 Number  of  time  steps  to  be  calculated  before  PRINT 
in  the  period  0-THETA  F. 

IPRINT  2 Numbe*  of  time  steps  to  be  calculated  before  PRINT 
in  the  period  THETA  F - THETA  E. 

IPRINT  3 Number  ox  time  steps  to  be  r.alculated  before  PRINT 
in  the  period  THETA  E - THETA  C. 

The  other  input  quantit  es  should  be  evident  by  inspection  of  the  master  input 
statement. 

H.  Output  Format 

The  output  of  the  machine  for  a sample  calculation  is  shown  in  pages  208 
through  218.  Output  begins  by  a printout  of  all  heat  transfer  coefficient,  gas 
temperature,  and  time  arrays.  Following  this  is  a printout  of  all  input  infor- 
mation used  in  the  calculation,  as  well  as  some  preliminary  calculations  of 
distance  and  time  increments.  Finally,  the  calculated  temperatures  for  each 
section  are  given  as  a function  of  time  during  the  input  firing  schedule.  Again, 
for  clarity  the  following  is  given  to  describe  output  information: 

T ( 1 ) The  temperature  of  the  bore  surface  element  - *F. 

T(INTER)  The  temperature  of  the  interf.  ce  element  - *F. 

T(LAST)  The  temperature  of  the  outer  surface  element  - * F. 

T(CT)AVE  The  average  temperature  in  the  coating  - *F. 

T(ML)AVE  The  average  temperature  in  the  metal. 

TAVE  The  combined  average  temperature  of  the  section. 

t 

QIN  The  heat  input  per  unit  internal  area  for  the  section  - 

Btu/ft2. 
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These  output  values  can  allow  adequate  estimation  of  thermal  gradients. 
Of  course,  additional  temperatures  could  be  obtained,  if  desired,  by  change 
in  the  subroutine  PRINT.  For  example,  a secondary  print  statement  could 
be  written  to  print  the  entire  temperature  distribution  if  this  were  of  importance. 
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COMPUTER  LISTING 

FOR  COMPOSITE  CYLINDRICAL  CONDUCTION  PROGRAM 

c this  PROGRAM  COMPUTES  THF  TEMPERATURE  HISTORY  0*  4 CVL INOR IC4L 
C COMPOSITE  GUN  CH4MBFR  WITH  MULTIPLE  RURSTS  4N0  VARIOUS  COOLING  CYCLES 
IMPLICIT  RFALIKI 
INTEGER  SCALE 

common  TART  IT  I 20,  TITLE  I 20  , AC  C THE  , CCOA  T ,C  ME  TL  ,0E  LC  (SI  ,OELM(S»  , 
l 0TH1 ,OTH2,OTH3,nT HA, OTHE.OTHFC.OT HE E, DTHFF.EPS, HIS, 60  I .HINT.HLOSS 
2.HXTI SI , IRURST, I COAT, I GO, IMFTL , I P, IROUNO, I PP I NT, I PRNT1 , I PRNT2 , 

3 IPRNT3, irOT,KCOAT,KMETL,LETML,LINTC,LINTM,LINTR,LLTCT,LLTML, 

A L PR  NT  I R ) ,MRUOST,M|NC,MPRNT ,MR OUNO , N , T AVOl 01 S I , OT AVG 1 5 » , ACCOL 0 
COMMON  NH| SI ,NTG(5I  ,RCOAT,R  1 01 S I , R I NT  1 5 1 , R MF TL , ROO I S I , S IGM A , 

1 T IS, 4 001 , TAMR, T A VC  MS I.TAVMLI 51 ,TRI 5), TGI  5,60) , TGXTJS) , 

2 THE  H I S , 601  , THETA, THETAC.THETAE.THETAF.THETGIS, 601, TINTI5I, 

3 TM4SSISI ,T0! S.AOOI  .SCALE 

COMMON  TFNV.MGOTH, THMAX.MGOTI,  T I MAX , MGOTO , TOMA  X , MG TAC , TCMAX.MGTAM, 
1 TMMAX 

COMMON 
COMMON 
COMMON 

C R F 40  IN  ANO  PRINTOUT 

1 CALL  INTAR 

C REAR  IN  DATA  FOR  COMPUTATION 

2 CALL  INOAT 
DO  2222  I SFC  T* l ,N 

TMASS2I ISECT)=CCOAT*RCOAT*I RINT(ISFCTI**2- 
1 RME  U*<  ROO II  SECT  )**?-R  INTI ISECT 1**2) 

TAV0L01I SECT)=TINTI ISFCT) 

222?  CONTINUE 

ACCOL 0*0.0 
STOTHC=OTHFC 
STMETC*THETAC 
I AVG  = 0 
ISKIP=0 

C CHECK  FOP  min  NO  of  SLABS 

IF  ( 1C0AT.GT.A ) GO  TO  3 
WRITE  16,90001 

9000  FORMAT  I 1 H 1 / / AO X , • E RROR • / 2 S X , • I COA T LFSS 
S 000  FORMATIIHO, ’LAST  POUND  OF  BURST  NO. ',15,' 

GO  TO  2 

3 IFI IMFTL .GT .A ) GO  TO  2223 
W°  I TF  16,90011 

9001  FORMAT  I 1H1 //AOX, ‘ERROR* /2SX,' IMFTL 
GO  TO  2 

c DETERMINE  distance  increments 
2223  on  6 !SFCT=1,N 

OELCI ISFCT)*! PINT! ISFCT)-R I 01 1 SFCT ) I /(FLOAT! I COAT  1-1.  I 
OEL  MI  I SECT)  = (ROD! I SFCT) -R INTI  I SECT  I ) /(FLOAT! IMETL l-I. I 
6 CONTINUE 

TFNV=T  AMR 

CALL  CLEAR! OINI 1 ) ,QIN(6) ) 

C DETERMINE  TIME  INCREMENTS 
I Ot)M*2 

DTHE=10. 0**10 
DO  10  ISECT  = I , N 

D TH l = I 0. S*rCOAT*RC0AT*0FLC(  ISECT  1**2  I / I HM A X*nEL C I I S FCT ) * 1 . 0*KCOA T I 
0TH?*ICCr’AT*RCOAT*OELCI  I SF C T I *C MET L * R MET L*  DEL M 1 1 S FCT  ) ) * 0 . 2S  / 

1 I (HINT*KCOAT )/ (KCOAT*2.0*DFLC I 1 SEC T I *H I N T ) ♦ I H I NT*K ME TL ) / 

2 (KMETL*2.0*DFL“I I SFCT)*HINT I ) 

DTH3=( .2S*C“ETL*RME TL*OELM( I SEC T ) ** 2 I /KMF TL 
OTHF=AM!Nl IDT HI ,DTH2,DTH3,0THF ) 

10  CONTINUE 

DTHA*THFTAF /IFLOAT(MINC) I 


THAN  S*) 

RFGIN  UNIFORM 


COOLING*  ) 


LESS  THAN  S'  I 
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11  DTME-0.5P0THE 

IF  IDTME.LT.0TM4*  GO  TO  JO 

12  IOUN»2.0*DTHF/OTH4*0.6 
DTME-0TH4 

C HOUND  OFF  TINE  INCREMENT 
JO  DO  J5  J-1,50 

I TEMP»DTHE* 10. 0**J 
IF  (ITEMP.GT.O*  GO  TO  J6 
J5  CONTINUE 

C PRINT  OUT  ERROR  MFSSAGF 

WRITE  (6,20001  DELC,0ELM,DTH1,0TH2,0THJ,0TH4,0THE 
2000  F OR  NAT  ( 1 HI , 20X , • E » ROR  IN  DTHET 4 • / 20 X , ?E 1 5 .6/ ?0X , 4E 1 5. 6 /40 X , E 1 5. 6* 
GO  TO  2 

C CONTINUE  CALCULATIONS 

J6  0THE*FL0AT( ITEMP**10.0P*(-J) 

OTHFF»OTHE 

OTHEE=OTHE*FLOAT( IDUN) 

C PRINT  OUT  TINE  AND  DISTANCE  I NC RFMENTS 
WRITF  (6,oq<»»  ClFO 

909  FORMAT  (//10X, 'COOL  ING  CONVERGENCE  ERROR • , F 1 6, 4/ 1 
DO  JT  I SFCT  = 1 ,N 

WRITF(6, 1 300*  ISFCT.OELC ( I S ECTI , I SEC  T , DE L *M  I SEC T I 

1000  FORMAT!  / 1 0 X , • D I ST ANC F INCREMENT  IN  COAT ING  OF  SECT  I ON • , I 2 , F 1 8. 6 / , 
I 10X ,• 01  STANCE  INCRFMFNT  IN  METAL  OF  SEC T I ON • , I 2 , F20 .6 1 

JT  CONTINUE 

WRTTF(6,1001)  DTHEF.OTHEF 

1001  FORMAT! //10X, • T! ME  INCRFMFNT  DURING  F I R I NG • , E l <» . 6 / , 10X , 

1 »TI“F  I NCR  EMFNT  OURING  E X t R AC T I ON • , E 1 S. 6 I 

I R0UN0=0 
I BUR  ST= l 

C COMPUTE  TFMPERATIJOF  HISTORIES 
THFTA=0. 

ACCTHF=0.0 
I P=0 

C !NTT!AtIZc  TFMPERATURE  TABLES 
L l T C T = ICOAT-? 

LINTC=IC0AT-1 
L !NTR*lCOAT 
LINTM=IC0ATt1 

LFTML*ICPAT*2 
LLTML=IC0AT*IMETL-2 
ITOT= ICOAT* IMFTL-1 
60  MPRNT=I 

DO  47  ISFCT. 1,N 
LPRNTIISFCT 1*100 
DO  45  1 = 1 ,T  TOT 
45  T ( ISFCT, l )*TINT( ISFCT* 

TAVCTI  I SECT  I = T INTI  I SECT  I 
TAVML ( ISFCT )=T INTI  I SECT* 

CALL  PRINTIISrCTI 
47  CONTINUF 
50  I ROUND* I P OUNDt 1 
DT  HF  = DTHE  F 
ACCTHF=ACCTHF*DTHF 
STACCT=ACCTME 

00  102  I S EC  T=  1 , N 
I po I NT* I PRNTl 

1 GO.  I 

CALL  CLFARI OIN( 1 1,0  INI51* 

MC,OTH  = ! 

M GO  T I * I 


NGOTOM 

ngtacm 

NGT A*.  1 
THMAX»0.  0 
TI«AX«0.0 
TO«AX«0.0 
TCMAX.0.0 
TNMAX«0.0 
OTHE«OTMFF 
THE  TA.OTHF 

CALL  CALC  H SEC  T,  [ViM 

|F  ItSFCT  .LT.  N>  ACCTHE*ST  ACC  T 

T F»=0 

10?  CONT INUE 

CALL  INTFR(N) 

C PRINT  OUT  AT  FNO  OF  CVCLF 

on  too  isectm.n 

MPOSTiR 

CALL  PPINTIISFCTI 
TOO  CONTINUE 
T AVG*0 
I P=0 

C TEST  FOR  FNO  OF  R1)R  S T 

IF  I IROUNO.LT. MROUNCI  GO  TO  SO 
IF  I THETAC. FQ.O.O)  GO  TO  *00 
I SK I PM 
| PP|NT  = IPRNTT 
r)THF*OTHFF*FLOATI  SCALF) 
oo  no  isectm.n 
0 I N ( I SFC  T I =0 .0 
hxt(  rsfcn.o.o 

TGXTI ISFCT) =1000.0 
310  CONTINUE 

355  00  356  ISECTM.N 

TESTMI  ISFCT,  I TOT )/T (ISFCT,  II 
I F ( TEST  .LT.  CLFR)  GO  TO  357 

356  CONTINUF 
GO  TO  395 

357  I F ( I P .NF.  IPRINTIGO  TO  060 
CALL  INTERtNI 

00  35R  ISECTM.N 
CALL  PRINT  (ISFCT* 

35 A CONTINUF 

1 A VG *0 
!P  = 0 

360  IPMPM 

ACCTHE=ACCTHF*OTHE 

IF  I ( THETAC-OTHF I .LT.O.OI  GO  TO  395 
THETAC  = THET  AC-OTHE 
on  365  I SEC  TM  , N 
CALL  ATl?5( ISFCT, £365) 

365  CONTINUE 
GO  TO  355 

C COMPUTFO  COOLING  TFMPFR  ATURF  HISTORIES 
395  I AVG* 1 

THFTA*0.0 
I GO.  1 

00  396  I SEC  TM  ,N 
NN* I SFC  T ♦ 5 

WRITFINN.5000 ) I BURST 
TAVOLOf  ISFCT  I = trh  SECT) 


copy  M!u»'F  tp  nnn  ce^s  roi 


6«’»»  "it  rf*'i’7  t p*  r ■' o 7*.  r • rwj 

i L i i LilLi  i i.uuwsa  » iwil 
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TBnSfCT|.CCOAT*RCOAT*tRINTIISECT|PP?-RlDMSECnPP?IPTA¥CT|ISEen* 
1 CNFTLPPNFTLPIPPOI  * SFCTI»p?-RINT  I I S ECT  IPPJIPTAVNI  I I SECT  I 
TRI1  SECTl.TRtl  SECT)  /TNASS2I  I SECT  I 
10  6 CONTINUE 

CALL  intfrini 
on  19?  I SEC  T-l ,N 

C*ll  PPINTIISECT) 

197  CONTINUE 
IP«0 

600  1P«|P*1 

TPNB.TCMPNM  TENV-TCMPNI/IFKPI  *C  POL*  ACC  THE  | | 
no  nil  I SECT  » 1 » N 

TIMI  SECTI-TBI I SFCT  I - I l.O/TN»ss?  IISECM  !•(  ? .OPtnni  ISECT  l*nTMFC» 

I I Ml  OSS* I Tdl  I SEC  Tl - TANBI«SIG«A*FPS* I C T9! I SEC T I »6bO. 0 I **6- 
? I TAN*»660.0I»R6 I I | 

1111  CONTINUF 
C TEST  for  FNP  OF  root  INC. 

GO  TP  1601,6501,  I GO 

601  IF  IITMFTP*r>TMFr  ) .1  T.TMFTPC  ) GO  TP  610 
IF  I IP.NF.IPPINT)  P.O  TO  60S 

no  602  I SFC  T*1  ,N 
MPQNT>7 

CALL  PRINT ( I SFC T I 
60?  CONTINUE 
I P*0 

60 6 OTHFC*THFTAC-TMETA 
ACCTHf »ACCTHf*OTHEC 
TMFTA*THFTA*0TMEC 
CALL  INTFR1NI 
IG  O.? 

GO  Tp  600 
610  CALL  INTFRINI 

IF  I I P.NF.  I PRINi'l  GO  TP  620 

00  616  I SFC  T« 1 ,N 
<*PRNT*"» 

CALL  PRINT  I 1 SECT  1 
61 S CONTINUE 

1 P»0 

620  ACCTMF=aCCTMF*DTHFC 
TMFTAxTHE  TAFOTMFC 
GO  TO  600 

650  DO  660  I SEC  T = 1 ,N 
mprnTx  7 

CALL  PRINT  I ISFCTI 
660  CONTINUF 
I °=  0 

600  IF  ( miRST.FQ.NPURSTI  GO  Tp  l 
imioST»IPUPST*l 
I ROUND  *0 
THFTAC*STHFTC 
I AVG.O 
I SF  I P-  0 

on  510  I SEC  T*  l ,N 
TINTI ISFCT)  .TRI  I SFC.T) 

510  CONTINUE 

OTHE  c *stotmc 

GO  TO  60 
FND 

c 


copy  ava!,,p'  c Tn  p"c  ms  mot 

n 


...  , ' ivi t 


; 
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SUBOPUTINF  C Al  C I N . • I 

IMPl  If  IT  OF  Al  |*  I 
INTFGFR  SCALF 


INTFGFR  SCALF 

common  r*e» itijoi ,i iTtfi ?oi ,*cc»Hf , ccn»r,f *«f u ,*»nc m .ocinisi , 

i nr  mi  .ttm^.ptmj.otma.otmf.otmf c.ttmff.otmf  f,  fps.mis.noi  .mint ,mlpss 
J.myTI S| , IBURST .ICOAT, IGP.  IMFU  , I P.  I RPONT,  I »»  t MT , I PRNT l , |«-0?, 

^ iPflNM,irnT,Krr»T,*-tTt,iFTMi  .iistc  ,i  int«,iitct  ,11  T“i . 

t,  l PR  NT  I S|  , MR UBS T ,<*|Nt  , MamiNO,  I TOMMY  , T AVTl  Dt  SI .OTAtfGI * I. 

s ACCPLO 

f.P«*»CN  NM|S|,NTP,|S  I .op  1AT ,R  !PI  SI  . H I N II  S I , a mf  fl  . HOT  I S l , S I G“  * , 
l Tl  S.4TOI  .T AMR,  I A VC  T |S  | ,t*VH  ISI  .TSISI  , Tr.l  S.60  I,  TGXT|S|  , 

7 thy  M|  S.API  . TMf  T»,  TMf  r»c  ,TMM»e  .TMr  TAF  , fMf  Tr.  I S flhQ  I ,T1NT|S|, 

3 T-ASSIS I ,TP|« ,4001 .SCALF 

r ommpn  tfnv  *MTn»M,  t««»i , mgoti , t i ma«  , Monro,  tows*  ,mp.t  ac.tc ns*  ,mgt am, 
I Tmmax 

C pMMPN  H«»< , Q|N| S| , TCMA-, «CTPl 

COMMON  Cl  F»  , I AVG.  AOf  AH.I . SFf  Tl  I S | , | SS I P , TM*SS>  I S I 
CPMMPMIT,  LSOB1,  t SOS?,  I SOBT.AIPM)  ?l 
NmSUPN*NM|N ) 

N TGSBN»NTP.|  Nl 

c T A Rl  F lOPKOP  F OR  M(TMFTA)  A“  1 ? (*,(  T MF  T A I 
100  PP  10S  (sJ.NMSIJRN 

IF  I TMFTA.GT. TMf Ml N,|ll  GO  TP  |0S 

H*T  IN  l=.M(H,  |-1  | . ( ( THr  T A-THFHIN,  l-|ll*l  M|  N,  II -- l|N,  |-1|||/ 

1 ITMFMIN, I I-TMFMIN, I-l I I 
GO  TP  UO 
10S  PPNTINOF 

M XT(  NI*M| N, NM | Nl  I 
HO  OP  IIS  l=?,NTGSBN 

IF  I TMFTA.GT.  TMFTGI  N,  III  P.P  TP  IIS 

TGXT(NI»TP.<N,t-I  I ♦ < ( TMF  T A- T MET  P,  I N,  I - l I 1*  I T Gl  N.  I I -TG  IN,  I -I  I I I / 

1 ITmFTGIN,  I l-TMFTP.IN,  1-11  I 
P.P  TP  1?C 
US  CPNTIN'JF 

TP,XT<N|,TCIN,NTGINI  | 

C CM.PUI.ATF  TPTAl  MF  A T INPUT 

1?0  OINI Nl*0 INI Nl *MXT| N|*TTMF* I TGX  T ( Nl -T I N, I II 
C TFMPFBATURf  PF  MFATFO  SUBF4P.F 
fntpy  atijsin,*! 

l?s  TP  IN,  11*1 7 • 0*T  TMF / I CP PAT*»CPAT»PFLC I NIII»m*T|NI*ITG*T|NI-T(N,III 
I -t?.0*OTMF  **PPAT  / |PPrjAT*RCPAT*OFl  C IN  I I • 

7 I I R TTI  N I ♦ . S*PF  I CINII/PTOINIIMTIN, 11-TtN, JllATIN.il 
r tfmpfpatuof  pf  intehnai  COATING  SECTIONS 
pp  130  T *?» LLTCT 
X I * I 

TP  I N , I I * I nT MFPKCPA  T /ICC PAT* OCT ATPOFLPI NI**JII*IIRIO(NI*.S* 

I (?.0*Xl-3.0l*f)FlC  (Nl  ISITTN,  I-l  l-TTN,  III  I ( « ITT  N I ♦ ( X I-  l . 0 I «TEI  C I N I I 
7.  - I B I P I N I ♦ • S*(?.0*XI-1.0I*PFICINI 1*1  TIN, I l-TIN, t*l I l/l* IDIN !♦ 

3 1X1-1 .01 •TFLC IN  I | | »T(N, I I 
1 30  CONTINUE 

C TFMOFOATURF  IN  LAST  FULL  COATING  sfctjpn 

TMASSINI  = DTHF»KC  pat/I  PCP AT *RCP AT *TF LC  I Nl 
1 (BimNlFOELP  I NIRFLCATIL  1NTC-1  I 11 
TD|N,llNTCl»TMASS(Nl*((PIP(NI»O.S*OFLCCNI*FlOATI?*llNTC-3ll» 

I ITIN.UTPT  l-T  IN,L  INTO  I - I M INT  / I KCO  A TF  ?,  ROELC 1 N I *MI  NTI  I* 

? |B  iniNI*.S*PFlC(NI  RFLOAT  | ?*Lt NTC-l  I I • I T I N ,1  IN  TC  I -T  I N,  l 1 NT  R ) ) • 

3 r>Fir(NI*?.OI»T(N,l  INTCI 
C TF  M°F  o A TURF  PF  INTFOFACF 

TMASSI Nl  = A. 0*PTMF*M|NT/(PCPAT»RCPAT*nFlC IN  I* I A INTIN  1-0. ?S*OFLC(  Nl I 
l fCmfTL*RmFTL*PFLM|N|P|RINT|NIfO.JS*OFLN|NI  I I 
T PIN, l INTO  I *TMASSI Nl*l IKCOAT/I  XCPAT ♦?.*0FI  C I N I *M I NT  1 I • 

1 IF  IN  TIN!-. S*DFLCI Nl  1 *1 TIN.LINTCI-TIN.LINTRII- 


jjpny  (jvi  n * PI  E TC  ffl,  CKS  HC 


*■  r-  n ’ OTI.3I 

-C 


1 


2 l«-E  TlflfNETl  N|NI  •MINT  I |s(  ■ |NMN  !♦  . S80f(  "INI  •• 

1 I Tl  N.UNTR  I -TlN.l  I NINI  I I *T  IN.l  INTR  I 
C Tf«PFB4TJRE  TN  FIRST  MAL  NET41  SFCTION 

T«4SSIN»  = OTMf  RKNFU/tCNfTlRRNf  Tl  SOI ININ IBB ?a|  R IN!  IN  IfOEi N|N  I I I 
TP  IN,  l |NTN|  • TN4SSIN|8||M|NTb?.ObOE  IN|NI/IF**E  Tl ♦ ? . 0 *Of l N I N I CM I NT  I IB 

1 I • I NT INI *0 m 3 *OE L**l  N I|R|T(N«1|NTRI-TIN,IIN  '•>»- 

2 I PINT  INI M .SBOFININI  IB|  T IN, 1 1 NT  Ml  -TIN.lFTNlllt»TIN,MN*M| 

C Tf NPf 04TUPF  OP  INTFBN41  NE T 41  SECTIONS 

on  | BO  I-IPTNC  ,HTNl 
*t«t--icruT 

180  TPIN,  n»l  OTMFBKBfU  / ICNfTl  BBNF  Tl  BOf  1*1  N)BB?B|8  INTIN  l*«l  • OF l N|  N I I I I 

1 Bit  8 inti  Nl  *0.SB|?.0B*l-1.0IBOFlN|NI IBITIN.I-t l-TIN,  l> I- 

2 |R|NTINI*0.S8|  ?.OR*IM.O|BOFIN|NI  |R|T|N.  t l-TIN,  l»llll»TIN,tl 
c TF“PF  BBTIIBE  Of  flNBI  SFCTION 

T»*»B»TrH»«*  <tfnv-tch»*i/i  f *pi* mnt  »»CC the  i » 

TP|N,|TlTI=lt  ?.OBOTMFBKNE  Tl  |B|  B noi N I -0. S • OFl N ( N I I • 

I IT  IN,  UT-l  l-TIN,  ITOT  I |/ICNfTl  BRNFTl  BROJ I N I »0Fl  N | N I 88?  | |- 
? I IMIOSSBDTMF  Ib| T| N, I TOT I-T4MR I •?.*/ ICNFU  BBNFTl 80EINI  N I II- 
T I I Sir.NBBF  OSBTTMf  I B|  | TIN,  I TOTI  •4N0.0IBB8-I  T»“B*880.  P I I / 

8 ICE  TIBBmfti  80.  SBOFININI  » I ♦ T I N , ITflT  I 
C STORf  NFM  TFNPFSATUPF  0 I S TR  I <H|T  I ON 
OO  ISO  t > 1 . I TOT 
ISO  T IN, | l.TPIN, I I 
r CONPUTF  4V  FR4GF  Tf  NPF  B A TUBE  S 

T 4VF  T INI>OFLClN|B|T|N,nB|R  1 01  N I *0.  2 SBOF  If.  I N 1 1 ♦ T I N , l INT  8 I B 
l |p|NT|NI-0.?SBOKCINII  I 
no  I ss  l*?,l»NTf 

1SS  T AVCT  INI*  MVCTIN  )»?.OBT(N,  I I *0  El  C I N I 8 1 B 1 0 I N I ♦ I F 10  AT  I I-  1 I I B0EIC  I N I I 
TAVfTINI  =T4VFT(NI/I B | NT | N I 8 *?-B | 0| N I ••? I 

T4VBI  I Nl  «nf  l <«lNI  B|TIN,IINTR|B|B|NT|NI»0.  ?*BOf  in|nI  I *T I N« I TOT  I • 

I |BOO(NI-0.?SBOFIN( Nl I I 
00  ISO  1 alTNTN.llTPl 
*1=1-1 INTB 

ISO  T4V“l INI »T4 VNl  INI»?,0*T IN, I I 80FI N| N I • I » | N T I N I ♦ * 1 80E l N|  N I I 
T4VNI  I Nl =T4  VNl ( Nl / I BOO | Nl • • 2-» l N T I N I »8?  I 
C FNO  OF  TF“PFR4TU«F  C*lCUl*TIONS 
C OETFBBfNF  IOGIC  41  SFOIIFNCF 

IF  I I SKIP  .TO.  1)  RFTU»N  I 
C TEST  FOR  *<4*l*»l|N  TFMPF  B 4TURFS 
GO  TO  MSI,  1STI  , «*GOTM 

181  IF  I TIN,  I I .1  T.  TH«4t|  “O  TO  1M 
TH“4»*TIN,1  IBC.OOOS 

GO  TO  IF,? 

IS?  -PONT*? 

C 41 1 PRINT  INI 
mGOTM.? 

1ST  GO  TO  I I 84,  I SSI  , MGfl  T T 
ISS  IF  I tin, l INTR I .1 T. T t“4* I GO  T"  ISS 
TI«*4X  = TIN,l  INTRIB0.9OOS 
GO  TO  ISS 
ISS  M PR  N Ts  3 

C 411  PRTNTINI 
NGOT 1 *? 

ISS  GO  TP  I 1 S7 , l S°  I , NGOTO 
1ST  IF  I TIN.ITOTI .IT.TON4XI  GO  TO  1SR 
TOM4X*TIN,ITOT|*0. 999S 
GO  TO  1 F.P 
1 S R MPRNT*4 

C All  PR  I NT  I N I 
"GOTO*? 

ISO  GO  TO  I 170, 1721 .NGTAC 


COPY  Tp  NOT 


or  Of  TIN* 

li 


irvit  > " - - 

r i • 1 1 y | •" n '■  r*  ’ £ 

*>  ’•  flTII 

^4  - t * l % « . f 1 T 

11/  L 1 LL  w<N  8.N. 

• |i  J JwU  i 

i 


o 

3 

: 
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l*o  i T«-/r  tini  .1  t i cn  iti 

TC  *A  * » TA  VC  T I N I *0  . <»«»9A 

r.n  tp  it? 

1 T | MPONT.S 

CAll  PRINTINI 
••TJT AC  ■ ? 

|T?  r.n  TP  im.iop),  nr.TAN 
ITT  If  ITAVNLINI  .IT.  T»PAT»  00  TO  IT* 
TM«AX*TAV*l |NI*0.ORRS 

r.n  tp  i*»o 

|T*  “PONT  s * 

CAll  PRINTINI 
<fr,TA«i.? 

C TFST  fOP  f NO  OF  f i o i no 
|QP  |Ps|P*l 

on  tp  i?no,  ?‘>o, too, isoi , ir.n 

?00  1 F It  TMFTA  *r>TMF  I .IT  . TMFTAF  I r.n  TP  ?10 
If  I IP.NF.IPRINT  I r,0  rn  20*> 
r Al ' PRINTINI 
|P*0 

20S  0 TMF*  T HF  TAf-TMFTA 
ACT  TMF*ACr  TMf ♦OTMf 
TmFTA=TMFTA*OTMF 

IFITHFTAf  . FO.  THFTAfl  CO  T"  ?0A 

too*? 
r.n  tp  too 
?0f>  ten** 

rn  tp  ioo 

r TF  ST  FPR  PRINT  INTERVAL 

?10  IF  I IP.NF.1PRINTI  CP  TO  220 
CAll  PRINTINI 
I P*0 

?20  ACCTMF*ArrTHf*OTHF 
TMFTA*TMFT4*PTMF 
CO  TP  IOO 

r print  at  fnd  pf  firino. 

250  call  POINTINI 
IPR1NT*IPRNT2 
OTHFrOTMFF 
Tmf  TA* THF  TA  tOTHF 
ACr.THF*ACCTMf*nTHF 
I p*0 
I r,n=  3 
r. o tp  ioo 

C tfst  for  fnp  pf  cvci f 

300  IF  I I TMFTA *PTHF 1 .1 T .THFTAF  I CP  TP  T10 
IF  I 1 P.NF . I PRINT  I CO  TP  T0S 
CAll  PR1NTINI 
I ° = 0 

305  nTHr*THFTAF-THfTA 
ACCTMF=ACCTMF*OTMF 
THFTA*TMF  TAtPTHF 

ir,n«* 
r.n  tp  ioo 

TIC  IF  1 IP.NF.  IPR  INT  I r.O  TP  320 
CAll  PP1NTINI 
IP*0 

T20  ACCTMF*ACCTHF*DTMF 
THFTA*TMFTAfOTMf 
CP  TP  100 
350  CAll  PRINTINI 


R F TURN 
FNP 


pity  )\vhii«?IF  TO  000  COOS  F9T 

PnCQuCTtO^ 


nr 

n 


F'uLLf  LEGIBLE 
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r>  r% 


THIS  SU—OUTlNf  POINTS  CUT  T*  — FaATuaF  MISToaffX 

subroutine  pmintini 
implicit  of  at  i a i 
intfc.fr  scale 

CON-ON  T ABT  I T I 201 , T I Tt  El  20I.ACCTMF  .CCOAT.e-FTl.DFlCISI  .OEl- IS  I, 

I  OTMl ,DTm2,0Tm3,OTM4,OTmF .OTMFC .OT-EE.OTwF  F, F*S ,-IS,*0),m|NT,-aOSS 

j.HiTMi , i burst  , icoat.igo,  i-fti  . t p,  iriajno,  t hnt.i  prnti . i»»ar;, 

3 1 PRNT 3, ITOT, X COAT , K-fTl ,lFT-t  .tlNTC .1 INT-,1 INTa.lt  TCT.tt  T-l , 

a t prnti si  ,mbur  st ,Mt  nc.npont  , -a  iuno,  l nu— v,  Tavot  01  a » .otavc.i s » , 
s accoto 

CO— on  nmis  i,  nt  r.  is  i .acoar.a  ini  si  .a  int  i s i ,»  -f  Tt  ,aooi  si  ,sig-a , 

1 ti 5,4001  ,t  a-b,  tavc.  tisi  ,Taw-i  iu,TiiM,TGis,a9i,Tr.nisi, 

2 I'MFHIS.frO*  .TmFTA.  ThF  T af  .THFTaF.  TMF  T4F  .TmF  TGIS.FOI  . T INT  151. 

3 t-assisi.tp|s,*ooi  .scale 

- n— on  tfnv .moot- , thmax , -got i , t i -a*  .-r.nTO.  tomax .-otac , tc-ax ,*gt am, 

1 T— AX 

CO—  ON  M-AX  .QINISI  ,TCMA-,XC00t 

CO— on  cifo  , i avg  ,a»  Faiai  . SFCU  I s i , i sxi p, t-ass2 isi 
CO— ON  tT,  l SUB1  , ISUB2,  L SUB3.AIPMI 2) 
nn»n*s 

C C4LCUIATF  AVERAGE  TEMPERATURE  OF  C-A-8E» 

I FI  I AVG  .FO.  I I GO  TO  1 

THIN) *cr OAT *0 CO AT* I HINT(N)**;-»|0|NI**2I*T  AVCT  IN  I ♦C-FTl *RNF  Tt • 

1 IRO0INI**2-»lNT|N)**2)*TAV-llNl 
T8!NI»TBINI/T-ASS2INI 
C OFTFR-INF  PBINTO'IT  FORMAT 

l IF  ILPRNTINI.LT. 511  GO  TO  5 
WR I TF I NN . 2000 ) N 
I PRNT INI =0 

5 GO  TO  I 10,20,  30,  40, SO, AO, TO, BO, 1001  , -PRNT 
10  WRITE  INN, 1010)  IBIIRST, IROUNO, ACCThE ,T IN, 1 I, TI N, l INTRI , TIN. ITOT I , 
l TAVCTIN)  , TAV-UNI  ,TB(N)  .OININI 

GO  TO  100 

20  WRITE  INN , t 020  I I BURST , I ROUNO , ACCT ME , T I N , 1 ) . T I N, L 1 NTH  I , T I N.  I TOT  I , 
l TAVCTIN)  .TAV-UNI  ,thin>  .OININI 

GO  TO  100 

TO  WRITE  (NN.10T3I  I BURS T , I BOUND. ACCT-E , T I N, I ) , T I N,l  INTR I , T IN,  ITOT  I , 
t TAVCTIN) ,TAV“l I Nl , THINI .OININI 

GO  TO  100 

40  WR I TF  INN, 10401  t BURS T , I ROUNO, ACCTME , T I N, I I , T I N, l INT R I , T I N,  ITOT I . 

1 TAVCTIN) .TAV-t INI , THINI .OININI 

GO  TO  100 

SO  WR 1 TF  INN, lose)  IBIIRST, IROUNO. ACCTMF, TIN, 1 I, Tt N, l INTRI ,T  IN,  ITOT  I , 

1 TAVCTINI , TAV-t INI , THIN  I ,0  ININ) 

GO  TO  100 

SO  WR  1 TF  INN.10S0)  I BUR  S T , 1 R OIJNO , ACCT -IF  , T I N , 1 I , T I N,  L I NT  o I , T I N , ITOT  I , 

1 TAVCTIN),  TAV-UNI,  TB1NI,  OININI 

GO  TO  100 

TO  WRITE  INN, 1 070)  I B UR  ST , ACC  THE , TB I Nl  , TH I N I , TR I N I 
GO  TO  100 

BO  WR1TEINN, 10801  TIN, 1), TIN, I I NT R ) , T I N , I TOT  I , T A VCT I N I , T A V -L I N I , TB I N I 
100  -PPNT=1 

LPRNTIN)=LPRNT IN)»1 
RETURN 

1010  FORMAT  I2IB,F13.S,TF12.2I 
1020  FORMAT  12|R,F13.S,«  ** • , Fp . 2, SF 1 2. 2 I 
1030  FORMAT  I TIB  ,F1 3.S,  1F1  2.2,‘  ,F 9. 2 , SF 1 2 . 2 I 

1040  FOR-AT  I2IB.F13.6, 2F12.2,*  ** • , F o. 2 , 4F  l 2 . 2 I 
1050  FORMAT  1 2 I B , F I 3 . 6 , 3F 12 . 2 , • *•• ,F9. 2 , 3F 1 2 . 2 I 
1060  FORMAT  I 2IB.F1 3.6.4F12.2,'  **'  »F9. 2 « 2F  1 2. 2 I 
1 070  FORMAT  (IR,BX,F13.6,36X.3FI2.2I 
1080  FORMAT  I2«?X,6F12.2I 

2000  FORMATI1H1, 'SFCTI0N', 12, //3X, 'BURST  ROUNO  TIME  I SFC » • ,6X  , • T I I I • 
l.AX.'TIINTERI* .SX.'TItAST)  TICT1  AVE  TIMLI  AVE'.SX.'T  AVE'.TX, 

2 *0  IN'//) 

ENO 


i 88 


A 


c 

C THIS  SUBROUTINE  »FA«S  IN  h*AT  T44nS»F0  CH^MCIMI  4N0 
C '‘.If  TFWFr#4Til«E  MH|(S 
SUBROUTINE  | NT  4k 
|M*l  KIT  4F4LTCI 
I NT  F GE  4 SC  41  f 

c '••(HI  TART  | T 1*0  I,  T 1HF120I  , ACC THE , CCO AT , C ME Tl  .OflCISI,  If  l Ml  SI, 
t OTh|  ,flTM;»,OTM|,OTM4,nrMr  .flTMFC  .OTHER  ,OTHF  f , E»S.M|S,40I  .MInT.MIOSS 
?,MXT  I S I, | BURST,  ICO AT,  ICO,  INFTl  , |»,  I ROUNO,  I P-  I N T , | eu  n t I , I P»  N I ? , 

T |P»NTT,  | TIT ,«rn4T ,*NFTl ,IF  T*N  , l I NT C ,1  I NT N,l | N I «. 1 1 TCT , 1 1 TNI , 

4 1»onTI*  I ,mru»ST  .1 1 NC  .NOB  NT  , mb  CHINO,  N , T AvOl  01  S I ,DT  Ayr.lS  I .ACCOtO 
common  NMIS  I.NTGIS  I ,4f.'J4T,B  |fl|  S I ,R  I NT  I S I ,»  Nf  Tl  ,4  001  SI.SK.M4  , 

I Tl  S.400I  ,T4N«,  T4VC  TISI  , T 4 V Ml  (SI  , T B I S I , TG I S ,60  I , T GX T ISI. 

? TMFHI S, 40 1 , TMFT4,  THFT4C.THFT4F.TMFT4F.THF  TCI S , 40 » . T I NT  I S I , 

T T-ASSISI ,TP|S,400I  ,SC41F 

r ommcin  TF  NV  . MOOT  H,  I mmj  X , MGO T I « T I MAX  ,MCOTO,  TOM4  X , »r,T  4C  . T CM  AX  ,MCT4«, 
I r»nii 

Common  h«ii ,0 1 Nl M I .TCM4M, XC  001 

COMMON  Cl  FB  , | 4VC.4PF4I4I  .SECTUSI,  t SKI  P,  TM4SS2KI 
common  IT,  lSl*"l,  ISlIB?,  I SlIRT,  AL®M(  ? | 

BF4OIE,|000|  TARTIT.N 
no  10  isfct.i.n 
OFAOIS, |00|  I NM|  TSFCT  1 
NMSIIR*NM  I | sfc  t I 

RF A0| S, 100’ I I thfhi  i sfc T, | 1,1*1 .NHSURI 
»E401S,100»I  IMIISFCT.il,  1=1, NHSURI 
OFjrtlS.lOOl  N TO  1 1 SFC  T I 
N T OSUB=NT C(  ISFCTI 

OFAOIS, |00?l  I THETCI  1SFC  T , ||,  I = 1 , NTGSUR ) 
or  40  IS, 100?  I ITCIISFCT.il,  1=1  .NTGSUR) 

WOfTFIft. ’000)  TART1T.ISFCT 
wp)TF Is.SOOO)  NHUSFCTI 

MO  I TF IS, ?00? I I THFHII SFC  T, I I ,1 =1 .NMSURI 
WO  I T F 16, TOO  1 I 

WRT  TF I6,?C0?)  | M 1 1 SFC T , 1 I , I *1 .NHSUR) 

wOITFIs.SOOOI  N TG  ( 1 SECT  I 

wO|TFIS,  ’00?  I 1 TMETG11SFCT,  I I,  l =1, NTGSUR  I 
wot  TF 16,4001  I 

WOTTFI 6, ?00?)  I TC| | SECT, 1 I , 1*1 .NTGSUR 1 
10  CONTINUE 

1000  F 00 MAT  | 2044/, I 10) 

1001  FOB“AT  IStlOl 
100?  FOOMAT  I6F12.4) 

?000  FOOMAT  1 Kl ,?4X, 'TABULAR  HEAT  T°  ANSFFR  ANO  GAS  TFM PFRATUR ES • / 

1 ? S X , ? 0A4 / , • SECTION', I?) 

200?  FOOMAT  (10X.RF1S.T) 

TOOO  FORMAT! //OX, *H  TABLE  - NUMBER  OF  FNTP1FS  = • , IT / / l OX  , • THFT A • I 
1001  FORMAT  1 mox  , 'H(THETA)  • 1 

4000  FORMAT  (//QX.'TO  T A RL  p - NUMBER  OF  ENTRIES  = • , I 3/ / 10X • THE T A • I 

4001  FOOMAT  ( / / 1 0 X , • TG( TMETAI • I 
OF  TURN 

ENO 

C 


COPY  AYA!l!nLE  TO  OOC  COPS  NGT 
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c 


SURBOUTINF  INTER  4 N t 
! MP|.  !C I T DFUIKI 
INTEGER  SCAIE 

COMMON  TABTt TI20I  .TITLE  I 20  I , ACCTME .CCOAT ,CNE  TL  . OFIC  I 5 1 , OEl  N 1 5 1 , 

I or Ml ,f)TM2, DTM5,DTH4,OTMF .nTMfC.DTMEF.DTHFF, EPS.HI5 ,601 .HI  NT, HI OSS 
2.MXTI5I, IRURST, ICOAT, IGO,  1NFTI  , I «».  I BOUND  • I PR  INT,  I PRNTl , IPPN  T2» 

5 IPRNT5.I  TOT.KCIUT  .KNFTL.lFTMl  ,11  NT  C ,1 1 NT  M ,1 1 NTR , tl  TCT  , LIT  ML , 

4 IPBNT 1 5 I,  M RUB  ST, N INC, RPR NT .NROUNO. IDUNNV, TAVOLOI SI  ,OT AVGI5I , 

5 ACCOLO 

COMMON  N»M5I  , NTG  <51  , BCOAT , B 1 OC  5 ) ,R I NT ( 5 I , B HE Tl , BOO 1 5 I , S I GM A , 

1 T1 5,5001 , TAMR, TAVCTI5I  . T A VMl I 5 1 , TB I 5 1 , TGI  5 , 60 1 , TGXT  J 51 , 

? TMF Ml  5 , 60 1 , TMF T A , THETAC, TMFTAF.TMET AF , THF TGI  5 , 60  I , T INT  I 5 I , 

5 TM*SSI5I ,TP| 5,4001 .SCALE 

COMMON  TFNV.MGOTM,  T MM  AX,  MOOT  I,  T I max,  "GOTO,  TOMAX.MGTAC,  tcmax  ,-r.TAM, 
1 TNMAX 

C MMON  MM A X , o t n i s I , tcmam , xc ool 

COMMON  CLEB , 1 AVG.ABEAI4I, SECTl I 5) , I S* IP, T-ASS2I 51 
COMMON  IT,  ISUB1,  l SUB?,  ISUBT,AIPM|2» 

IFIN  .EO.  II  BFT.WN 
otmp«accthf- accolo 
ACcno*Arr.THP 
IF  I I AVG  .FO.  11  GO  TO  10 
OO  5 1SFCT*1,N 

TBI I SECT In^COATPRCOATPIo INTI 1SFC  TI»*2-BJ  01  I SFC T I • •? I *T A VC T I I SECT  1* 
1 CMFTLTRMEU  *(ROOI I SECT I**2-RINT I I SFC T I •• ? I * T4 V“l I I SEC T I 
TBI 1 SFCTI =TB| 1 SECT  I /TMUSS? I ISFCT I 
5 CONTINUE 

10  OTAVGI l)=-KMFTl* ARF A I 1 1 *1 T AVOL  01  11-TAVOLOI 21  ♦ TR  (1)  - TR|  2 ) I *0  TMP / 

1 ICMFTl *BMFTl*SFCTL 1 11*5. 14 15»T* I BOOI 1 I* *2 -RIO  I 11 **2I*I SECTL! I I ♦ 

2 SECTL  12111 
IF  IN  .EO.  2 I r,n  TO  500 
NM1=N-1 

00  100  I SEC  T = 2 ,NM  1 
J= I SECT*1 
I =! SFCT-1 

DTAVGI!SECT)*-IKMETL*AREAITI** TAVOLOI ISECTI-T4V0L0I ll*T8IIS EC Tl- 

1 TBIIl)  /ISFCTU  I»*SFCTHISSrn  |4KMETL*ABFAI  ISECT1* 

2 (TAV010IISFCT)-TAVC10IJ)*TRITSECT»-TR(J))  /ISECTl I ISECTI ♦ 

5 SFCTL  I J I I 1 *OTHP/l  CMFTL*R  METL*  SECTl  I I SFC  Tl  * 3.  1 4 1 5<>0* 

4 (RODIISFCTI**2-RIO(ISECT|**2II 

100  CONTINUE 

500  OTAVGINI=— <metL*ARFA(NM1I*( TAVOI  01  N ) -T  AVOl  01  NM  1 1 ♦ TR  I N ) - TR  I N m 1 1 | • 
10THP/I ISECTLINM1 I ♦SFCTL INI) -CM  FT  L*B  MFT  l « S FCUI N 1*5. 141505* 
2IP0DIN)**2-PI01N)**2) I 

00  600  ISEC  T = 1 ,N 

TBI I SFCTI =TB( I SFCT ) *014701  I SECT) 

TAVCTI  ISECT 1=TAVCT<  I SEC T 1 ♦ OTAVGI  I SECT  I 
TAVML I 1SECT l=TAVML I I SECT ) *DTAVGI I SECT ) 

TAVOLOI I SECT)  = TB I I SFCT) 

00  550  IJ=t, iTOT 

Til SFCT, I J I *T ( 1SFC  T ,IJ)*OTAVGI ISECT) 

550  CONTINUF 
60 C CONTINUE 
I AVG*  1 
RETURN 
ENO 


C THIS  SUBROUTINE  READS  IN  OAT  A 
SUBROUTINE  INOAT 
IMPLICIT  RE  AL IK  I 
INTEGER  SCALE 

COMMON  TABTITI 70) .TITLE! 201 .ACC  THE , CCOAT ,C*ETL , OELC IS  I . DELN<5 I , 
t OT HI, OT M2,  OTH3,OTH4,OTHE,OTHEC.OTME E.DTHEF.EPS, HI  5,601 .HINT.HLOSS 
2.HXTISI.IBURST.I  COAT.  IGO,  I NETL  , I P,  I R OUNO,  I **R  INT  , IPRNT 1,  I PANT  2, 

1  IPRNT),  I TOT.KCnAT.KNFTL.LFTNL.LINTC.LINTM.UNTR.llTCT.LLTNL, 

A IPRNT IS IrHBUPST.NINC.NPBNT.NROUNO.N.TAVniOISI .OTAVGISI .ACCOLO 
COMMON  NHISI.NTGISI .RCOAT.R 101 S I ,A I NT  I S I .A NETL . "001 5 I , S IGMA , 

1 T I 5.400 1 , T AMR, TAVCTISI , T AWML I 51 ,T0l 51, TGI  5,601 .TGKTI5I , 

2 THEHI5.60) .THETA, THET'C.THETAE. THE T AF , THETGI 5 . 601, TINT  I 51. 

3 TMASSI5I ,TP|5, 4001  .SCALE 

COMMON  TENV .MGOTH, THMAX.MGOTI, TIMAX .MGOTO, TrMAX.MGT AC. TC"AX .MGTAM, 
1 TMMAX 

COMMON  HMAX.OINI 51 , TCHAM.XCOOL 

COMMON  CLER, IAVG.AREAI4I.SECTLI5I, I SK I P, TMASS7I 51 
COMMON  IT,  L SUB  I , l S‘JB2  , I SUB)  , ALPH I 2 1 
READ  (5,10001  ALPH 
RFAO  (5,10001  tTITLE(ll,l*l,70l 

REAO  (5,1010)  CCOAT,RCOAT,KCOAT,ICOAT,CMETL,RMETl,KMETl,|METL 
REA015, 10201  (RlO(l),  L«l,N) 

OEAn{5,1020)  ( R I NT ( L ) » L * 1 , N I 
READ! 5,1020)  < ROD! L I , L » 1 . N I 
READ! 5, 1020 ) ( SECTL (L ) ,L  * 1 • N t 
M-N-l 

REA0(5,1040)(AREA(ISECT),1SFCT*1 ,M) 

REAO  (5,1020)  THETAF.THETAE.THETAC.OTHEC.  CLER . TCHAM.XCOOL 
REAOI5.1C20)  ( TINT) L) ,L*1 ,N) 

READ  15,1020)  TAMB.HMAX, HINT.HLOSS, SIGMA, EPS 

REAO  (5,1030)  M8URST, MROUNO.MINC, SCALE, IPRNT1, IPRNT2. IPRNT) 

1000  FORMAT  (20A4I 
1010  FORMAT  ( 3F 1 0, 3, I 10  I 
1020  FORMAT  (RE10.3I 
10)0  FORMAT  (715) 

1040  F ORM AT ( 4 F 1 0 • 3 ) 

WRITE  (6,2000)  .*  TITLE)  I)  .1*1,20) 

WRITE  (6,2010)  "«URST,MflnuNO,CCOAT,CMETL,BCOAT,RMFTL.KCOAT,KMt'Tl  , 
l I COAT, I NETL .TINT (1 1 .TINT) 1 ) ,TAMR 
WRtTF  (6,70151  ) AL PH, l , R * 0 ( II . Rl NT ( l I , ROOI L ) , L-l.NI 
WRTTF  (6,20701  hmax, HINT, ML  OSS, SIGMA, EPS 

WRITE  (6,2030)  THE T AF , TMET AF, I HFT AC , M I NC , SCAl E . OTHFC , I PRNT l , 
1IPRNT2,|PRNT3,(ALPH,L,SFCTL(L) , L«1 ,NI 
WRITE (6, 2040  I (AREA!  I SECT  I , I SEC T« I , M | 

2000  F OPM AT  1 1 HI , 1 RX , • INPUT  DATA  FOR  COMPOSITE  CTLINORICAI  GUN  CHAMBER  P 
l R OCR  AM '//10X.2  0A4//I 

2010  FORMAT  (25X, 'THIS  RUN  CONSISTS  OF  *,14, 

A*  BURST! S ) OF', 14,'  ROUNDS  FACH'/43X, 

1 'COATING' ,6X, 'METAL  ENV I R PNME  NT' /10X, 'SPECIFIC  MEAT  I BTU/ LRMI  ' , 
27 X,2E 12. 4/1  OX, 'DENSITY  I L BM/FT 3 I ', 1 ) X , 2E 1 2 . 4/ 1 OX, 'CONDUCTIVITY  (RT 
)U/F T SEC  OF)  • .2E12.4/10X, 'NUMBER  OF  OISTANCE  INCR EMFNTS • . 4X , 1 4, 
4RX, I4/10X, • INI T1 AL  TEMPERATURE  I OF ) • , 6X , )F 1 2 .4 / I 
2015  FORMAT  (43X, • INS  IDE' ,5X,'  INTERFACE* ,4X, 'OUTSIOE'/ 10X, 'RAOIUS  (FT)' 
1 /,(  15X.2A4, 1 1 , 16X.3F12.4) /) 

2020  F0RMAT110X, 'HEAT  TRANSFER  COEFF tc 1 FNT • ,5X , 3F 1 2 . 4/ 1 OX, 

1* STEF  AN-BOl T 2 MANN  CONSTANT'  ,2R X , E l 2 . 4/ 10X , 'EM I SS I V I TV* , 44X , F12 . 4/ I 
2030  FORMAT  ( 4)X  , 'FIR  INC, 4X, 'EXTRACTION*  ,4X, 'COOIING'/IOX,' TIME  (SEC)' 
l ,20X,3E12.4/10X,'T1ME  INCREMENT  F AC  TORS • » l 2X , I 4, 1 ?X , 1 4 / 

210X,'TIMF  INCREMENT  ( SEC  1 • , )4X , F 12 .4 /, 1 OX , • PR  1 NT  INTER V AL S ', 1 9X , 

) 14, BX, I4,BX, 14///,  10X, 'LENGTH  OF* /,(  l 5 X , 2 A4 , 1 1 , 16 X ,E 1 2 . 4 1 / ) 

2040  FORMATdOX, 'CROSS  SFCTIONAL  AREA  BETWEEN  SECT  IONS •/  15X, • SEC T10NS  1 

1 AND  2', 5X.E12. 4/, 15X, 'SECTIONS  2 AND  3' , 5 X, El  2.4/ , 15X , • SECT  IONS  3 

2 AND  4', 5X.E12. 4/, 15X, 'SECTIONS  4 ANO  5 • , 5 X, E 1 2. 4/ I 
RETURN 

F NO 
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APPENDIX  B 


THERMAL  INSTRUMENTATION 


In  the  tests  reported  herein,  two  types  of  thermal  instrumentation 
were  used:  external  thermocouples  and  in-wall  thermocouples.  Each  of  these 

instrumentation  techniques  is  discussed  in  this  appendix.  Each  technique 
was  used  at  the  locations  where  it  was  most  suitable. 


External  Thermocouples 


Where  the  barrel  wall  is  thin,  total  heat  input  can  be  obtained 
through  simple  external  barrel  temperature  measurements  (thermocouples  welded 
to  the  outside  of  the  barrel).  The  relationship  of  converting  temperature 
measurement  to  heat  input  is: 


/7"C/0(D02  - D 2)AT 

Q i - 


Btu/ft2 


(B-l) 


4(7?'Di  ♦ L) 

where  Q is  the  average  heat  input  per  square  foot  of  internal  surface, 
Btu/ft2, 


is  the  heat  capacity  of  the  barrel  material  per  unit  volume, 
Btu/ft^-°R, 


D is  the  outside  diameter  of  the  barrel,  ft, 

o 

is  the  inside  diameter  measured  to  the  midpoint  of  the  lands  a. id 
grooves , ft , 

AT  is  the  external  barrel  temperature  rise  after  the  shot,  °F, 

L is  the  additional  heat  input  length  due  to  the  rifling  projection, 

L = 2n£, 


N is  the  number  of  rifling  grooves, 

£ is  the  height  of  the  rifling  projection,  ft. 


Because  cp  , Dq,  and  L are  specified  at  each  location,  the  heat  input,  Q, 
is  proportional  to  the  external  barrel  temperature  rise. 


M 


F 


L 
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In-Wall  Thermocouples 

At  locations  where  the  barrels  were  thick  or  of  complex  geometrical 
shapes  so  that  axial  conduction  effects  limit  the  readability  or  applicability 
of  simple  external  temperature  measurements,  in-wall  thermocouples  placed  a 
short  distance  from  the  bore  surface  were  used  to  determine  the  local  heat 
input.  A typical  in-wall  thermocouple  installation  is  shown  in  FigureB  -1. 


The  derivation  of  the  equation  for  calculating  the  heat  input  based 
on  the  temperature  measured  by  an  in-wall  thermocouple  proceeds  as  follows. 
Consider  a heating  situation  as  depicted  below. 


(B-2) 
(B — 3) 


where  q is  the  heat  flux,  0 is  time,  and  Q is  the  heat  input.  The  temperature 
rise  of  the  surface  above  its  level  at  the  start  of  heat  input  is  given  by: 
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But, 
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(B-5) 


Hence, 
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Figure  B-1  TYPICAL  IN-WALL  THERMOCOUPLE  INSTALLATION 


mtm 


Defining 


one  observes  that  F(02/9^) -* 0* 5 as  Q^/Q^-f  oa.  In  fact,  the  approach  to  0.5  is 
very  rapid  as  9^/9^  increases.  For  example,  at  a ratio  9^/9^  °F  F(62/91) 
is  0.514.  Hence,  when  ©2  is  at  least  10  times  9^,  the  temperature  of  the 
surface  is  negligibly  affected  by  the  heat  input  period  9^.  Conversely,  the 
total  heat  input  may  be  obtained  with  little  error  by  a determination  of  the 
surface  temperature  existing  at  time  02.  From  equation  (B-6)  and  the  limit 
on  0^,  one  gets: 


Q = /jhc/o02  ' AT2 


(B-8) 


Tnis  equation  can  be  used  with  the  restriction  that  ©2  be  at  least  10  times 
the  heat  input  duration,*  9^. 


In  general,  it  is  difficult  to  obtain  a measure  of  the  surface 

temperature  in  short -duration  heating.  Fortunately,  only  little  difference 

will  exist  between  the  surface  temperature  and  a point,  say,  several  thousandths 

below  the  surface  when  the  measuring  period,  02,  is  long  compared  to  the  heat 

input  period,  as  required  for  use  of  Equation  (B-8)  . To  illustrate  this, 

a one-dimensional  heat  conduction  computer  program  was  used  to  compute  the 

temperature  history  in  a thick  sheet  of  steel  after  a heat  flux  of  20,000 
2 

Btu/ft  -sec  was  applied  for  a time  of  0.001  second.  The  temperature  rise  and 
time  computed  for  a depth  of  0.015  inch  was  substituted  into  Equation  (B-8)  , 
and  the  calculated  total  heat  input  is  shown  in  Figure  B-2  . This  figure  shows 
that  the  method  does  indeed  calculate  the  true  heat  input.  The  ratio  of  9^/92, 
where  this  method  is  applicable,  increases  as  the  distance  from  the  surface 
increases.  From  Figure  b-2,  02/9j  = *s  recluired  for  an  exact  calculation 
of  total  heat  input  for  a depth  of  0.015,  although  9^/9^  * 40  yields  a heat 
input  within  5 percent  of  the  true  value. 


If  it  is  not,  the  error  due  to  taking  the  limit  of  F = 0.5  will  increase 
slightly. 
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As  an  illustration  of  operation  where  heat  flux  is  varying  with  time, 
a sample  calculation  was  performed  on  the  digital  computer  for  a typical  27mm 
bore  heating  situation  (based  on  experimental  observations).  For  these  calcula- 
tions, heat  input  to  the  bore  was  governed  by  given  coefficient  and  propellant 
temperature  histories.  Figure  B-3  illustrates  values  obtained.  The  total 
heat  input  to  the  surface  is  shown  by  the  dashed  line;  this  value  was  obtained 
by  the  computer  directly.  Heat  input  values  obtained  by  use  of  Fquation  (B-8) 
and  temperature  values  determined  by  the  computer  for  the  surface  and  a point 
0.020  inch  in  depth  are  also  shown.  Clearly,  the  Equation  (B-8)  gives  a good 
approximation  of  the  total  heat  input  as  time  is  extended  beyond  100  milli- 
seconds. Note  that  both  the  surface  and  in-wall  values  yield  reasonable 
accuracy.  Hence,  in-wall  thermocouple  placement  at  any  lcoation  within  0.020 
inch  from  the  surface  will  operate  successfully.  Because  the  heat  input  time, 
0^,  is  generally  less  than  10  milliseconds  during  ballistic  heating,  the 
technique  is  especially  adaptable  to  bore  heat  input  measurements. 


There  are,  however,  some  limitations  to  the  method.  The  method 
applies  to  a slab  that  is  effectively  semi-infinite  in  the  time  of  interest, 
Oj.  That  is,  heat  has  not  been  conducted  through  the  slab  to  heat  the  back 

surface  appreciably.  Therefore,  a constraint  must  be  made  on  the  magnitude 

> 

of  02*  This  constraint,  based  on  the  Fourier  Modulus,  is: 


02  <£  0.5-££iL 


(B-9) 


where  p , c,  and  K are  the  material  properties,  and  £ is  the  thickness.  For 
steel  0.25  inch  thick,  this  time  is  approximately  1.7  seconds,  which  is  little 
constraint  for  normal  weapons  evaluation. 


Other  limitations  concern  non-one-dimensional  heat  flow  effects 
which  are  created  by  heat  flux  gradients  over  the  surface  and  slab  geometri- 
cal considerations,  such  as  the  cylindrical  shape  of  a gun  barrel.  The 
influence  of  heat  flow  parallel  to  the  surface  will  be  minimal  if  the  following 
time  constraint  is  satisfied: 

• .2  * i.»  x io-5  ¥ (4^g)2 
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where  A Tmax  is  the  maximum  temperature  rise  at  the  points  of  interest,  and 

~ £■  is  the  surface  temperature  gradient  in  °F/inch. 

For  A Tmax  = 500°F,  a surface  temperature  gradient  of  100°F  per  inch  should 
not  influence  the  one-dimensional  results  significantly  for  2 seconds.  This 
relationship  holds  as  long  as  the  in-wall  thermocouple  is  close  to  the  surface, 
for  example,  on  the  order  of  0.02  inch. 


The  one-dimensional  relationship  will  hold  as  long  as  the  heat  pene- 
tration distance  is  much  less  than  the  wall  thickness.  A correction  factor 
for  cylindrical  geometry  was  determined  as  a function  of  inner  radius.  A 
cylindrical-coordinate  heat-conduction  computer  program  was  used  to  generate 
the  temperature  distribution  0.015  inch  from  the  inner  surface  in  steel  tubes 

of  different  radii.  In  similar  fashion  to  that  used  for  the  slab  discussed 

2 

above,  a heat  flux  of  20,000  Btu/ft  -sec  was  applied  for  a period  of  0.001 
second.  The  temperature  history  was  used  with  Equation  (B-8)  to  compute 
the  total  heat  input.  A curve  showing  the  ratio  of  computed  to  actual  heat 
input  as  a function  of  radius  is  presented  in  Figure  B-4.  This  curve  was 
taken  for  a ratio  of  @2^1  = anc*  *s  rePresentative  of  time  ratios  from  20 
to  over  100.  An  equation  was  fit  to  the  curve  in  Figure  B-4  and  is  valid 
for  inner  radii  larger  than  0.10  inch.  The  equation  is: 


l\(r)  = 1 - 0.32e 


-3.71r 


(B-ll)' 


The  corrected  or  true  heat  input  is  then  given  by: 

_ _ ^calc. 

"corr.  " |^(r) 


(B-12) 


The  heat  input  values  presented  in  this  report  were  calculated  from  in-wall 
thermocouple  data  using  the  above  relations.  For  each  test,  the  heat  input 

was  calculated  at  increments  of  about  25  msec  up  to  150  milliseconds.  A plot 
of  calculated  heat  input  as  a function  of  time  was  then  drawn  similar  to  Figure 
B-3. . The  intersection  of  the  straight  line  portion  of  the  curve  with  the  heat 
input  axis  is  the  value  given  in  the  report  as  the  heat  input. 
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INNER  RADIUS  - IN. 


Figure  B-4  CORRECTION  FACTOR  FOR  HEAT  INPUT  CALCULATED  FROM 
IN-WALL  THERMOCOUPLES 


■ 

p 

From  the  peak  temperatures  measured  by  the  in-wall  thermocouples, 
their  effective  distance  from  the  bore  surface  can  be  calculated.  The  equa- 
tion that  relates  peak  temperature  A T max  to  distance  x is 

CB— 13) 

where  e is  the  base  of  the  natural  log,  and  c is  specific  heat  and  p is  density 
of  the  barrel  material.  Conversely,  if  the  distance  from  the  bore  is  accurately 
known,  the  heat  input  can  be  calculated  by  rearranging  equation  (B-13). 


